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ABSTRACT 
Arterial stenosis (narrowing) is due to vascular disease that, if untreated, leads to death.  
The stenosis causes the development of complex flow which results in high energy losses 
and great forces between blood and tissue.  Traditionally, turbulent flows lead to signal 
loss in magnetic resonance (MR) image acquisitions, resulting in loss of diagnostic 
information.  With the advancement in MR hardware and software, some of the 
limitations of MR in turbulent flow fields may have been reduced or eliminated.   
                    This study evaluated the potential of MR phase velocity mapping 
(MRPVM), a clinical velocimetry technique, under turbulent flow conditions such as 
those developed in arterial stenosis.  Specifically, the goal of this study was to determine 
how accurately MRPVM can quantify the flow rate in experimental models of arterial 
stenosis under a variety of flow conditions, ranging from laminar to turbulent.  Three 
models were used: a non-occluded straight tube; an occluded tube with a 75% area 
reduction stenosis; and an occluded tube with a 94% area reduction stenosis.  Flow 
  vi
experiments were conducted under steady-state flow conditions (flow rates of 1.4-10.4 
L/min) inside a 1.5 Tesla whole-body clinical Siemens MR scanner.  Of interest was to 
vary several imaging parameters which control the time of the acquisitions and the spatial 
resolution of the acquired images.  Therefore, five different echo times (TE) (2.65-6.0 
ms) and three different combinations of the field of view and matrix size, resulting in 
three different spatial resolutions, were studied.  Axial MRPVM acquisitions were 
performed in all models upstream, at the throat, and downstream of the stenosis.  The 
acquired phase images provided the velocity from which the flow rate was calculated.  
The MR-measured flow rates were compared with the true flow rates from rotameters to 
determine the accuracy of MRPVM.   
                 The results confirmed that MRPVM can measure the flow rate accurately 
under laminar flow conditions.  In turbulent flow, the accuracy was reduced due to signal 
loss.  Underestimation of the flow rate was observed in the most severe stenosis model, 
downstream of the throat, at the highest flow rate (and thus highest Reynolds number).  
Overall, the lower the TE was, the more accurate the flow rate measurement was.  The 
effect of spatial resolution seemed to be much weaker than that of TE on the accuracy of 
the results.  Additional experimental studies covering a larger range of Reynolds numbers 
and geometric features and clinical studies in healthy subjects and patients are necessary 
to provide information about the clinical potential of MRPVM to measure flow under 
pathologic flow conditions. 
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CHAPTER I 
ITRODUCTIO 
In 2007, 1.2 million Americans suffered from coronary artery disease-related 
cardiac attacks; among them, 452,000 died. Coronary artery disease has been identified 
as the nation’s single leading cause of death. Approximately 8.9 million Americans were 
identified with angina pectoris (chest pain or discomfort due to reduced blood supply to 
the heart). Related to that, 36.6 million American adults have cholesterol levels of 240 
mg/DL or higher (It should be below 200 mg/DL) [1]. 
The statistics about blood vessel blockage indicate that people suffering from 
arterial stenosis (narrowing of blood vessels or blockage of blood vessels) have 
consistently increased every year. Blockage of blood vessels is mainly due to the 
formation of plaque inside the blood vessels. It is important to know the degree of 
stenosis or the percentage of blockage before it leads to an attack.  
The presence of a stenosis leads to the development of blood flow turbulence. 
Clinically, it has been difficult – if at all possible – to measure turbulent flow with any 
clinical technique. Among the clinical techniques which can quantify the velocity of 
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blood, magnetic resonance phase velocity mapping (MRPVM) is the only one which can 
measure the velocity in all three spatial directions. MRPVM uses the principles of 
magnetic resonance imaging (MRI) to measure the velocity accurately by applying bi-
polar magnetic field gradients in the direction of interest.  The velocity of blood is then 
encoded into the phase of the acquired signal. MRPVM has shown a high level of 
accuracy in laminar flow, but it has limitations in measuring turbulent flow because of 
the induced signal loss as a result of the random velocity fluctuations present in turbulent 
flow. This study is aimed at determining the extent of the ability of MRPVM to quantify 
the flow in geometries where turbulence develops and, particularly, to examine whether 
specific imaging parameters have any effect on this ability. 
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CHAPTER II 
BACKGROUD AD LITERATURE REVIEW 
             In this chapter, the principles and history of magnetic resonance imaging and 
magnetic resonance phase velocity mapping are described, along with an introduction to 
turbulent flow. Then, a literature review on the history of MRPVM to measure flow 
under turbulent flow conditions is described. 
 
2.1 Magnetic Resonance Imaging 
                MRI is an imaging technique which uses the principles of nuclear magnetic 
resonance (NMR) to obtain high quality images of the human body. MRI is a proton-
based imaging technique which uses the hydrogen nuclei present in the water molecules. 
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The applied and acquired signals used to reconstruct images are in the radiofrequency 
range of the electromagnetic spectrum [2]. 
                Each hydrogen nucleus has a single proton. The proton has an electric charge 
and spins around its axis. The result is the formation of a magnetic field making the 
proton a magnetic dipole with a small magnetic moment.  In the absence of any 
significant external magnetic field, the magnetic moments of all protons are oriented in 
any random direction, resulting in a negligible total magnetic moment. If, however, an 
external strong magnetic field, B0, is applied, slightly more than one half of the protons 
will align their magnetic moment vector parallel to the direction of B0 and the remaining 
will align their magnetic moment vector antiparallel to the direction of B0. In fact, the 
combination of the external magnetic field and the magnetic moment of each proton 
results in a wobbling motion, called precession. The frequency of the precession is 
described by the Larmor equation, shown below: [2]. 
 
                                                   ω= γB0                                         Eq.2.1 
 
Where B0 is the external magnetic field, ω is the precession frequency and γ is the 
gyromagnetic ratio (42.58 MHz/T for hydrogen). 
             By considering a mass of hydrogen nuclei, sum of the magnetization 
vectors of all protons results in a net longitudinal magnetization in the Z direction 
through the bore of the magnet.  
The imaging process consists of the following steps: 
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1) Application of radiofrequency (RF) pulse 
2) Slice selection 
3) Phase encoding  
4) Frequency encoding 
5) Signal readout 
6) Image reconstruction 
 
For the sake of simplicity, although MRI allows for the acquisition of a slice 
in any direction in space, it will be assumed that an axial or transverse image 
(perpendicular to the Z longitudinal direction) is to be acquired. The first step in the 
process to create an image is to energetically excite the protons. This is performed 
by momentarily applying a second magnetic field, B1, in the form of a 
radiofrequency pulse, orthogonally to the main magnetic field, B0. This causes the 
net longitudinal magnetization to flip towards the transverse plane XY. It should be 
noted that the induced transverse magnetization is the one which can be detected as 
the MRI signal.  Based on the Larmor equation, the RF pulse must have the same 
frequency as the frequency of the precession of the proton in order to have 
excitement. Therefore, if only one thin slice of the body is of interest, somehow the 
precessional frequency of the protons in this slice should be different from the 
precessional frequency of all other protons. To achieve this, a magnetic field 
gradient is applied at the same time as the RF pulse is applied. The gradient creates 
a linear variation of the precessional frequency along the direction of interest. As a 
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result, by emitting an RF pulse with a frequency equal to the precessional frequency 
of only the slice of interest, a slice selection is achieved. 
After the application of the RF pulse ceases, the protons will start returning 
to their original energy condition. The longitudinal magnetization will recover and 
the transverse magnetization will disappear during a process called relaxation. In 
fact, the recovery of the longitudinal magnetization follows a mechanism called 
spin-lattice or T1 relaxation, whereas the reduction of the transverse magnetization 
follows the spin-spin or T2 relaxation.  The spin-spin relaxation causes a dephasing 
of the spins, causing a faster reduction of the total transverse magnetization vector. 
Additional dephasing is caused by external magnetic field inhomogeneities and 
magnetic field gradients.  
             It is during this relaxation phase that the spatial encoding of the signal takes 
place by performing the phase encoding and the frequency encoding steps.  The 
location of the protons in the excited slice must be encoded in the X and Y 
directions. This is accompliced by applying two additional magnetic field gradients 
in the X and Y directions. The Y gradient is applied first to perform a phase 
encoding. At the end of the application of this gradient, all protons precess with the 
same frequency, but there is a different accumulated phase at different Y levels. 
Then, the X gradient is applied causing a difference in the precessional frequencies 
at different X levels. It is during this step that the signal is acquired or read out. The 
entire process is repeated with the only change being the magnitude of the phase 
encoding gradient. This is necessary to produce the necessary amount of data to fill 
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the frequency-domain, or k-space. An inverse two-dimensional discrete Fourier 
transform of k-space provides the final image [2]. 
                
                The basic imaging pulse sequences used to acquire the images: spin-echo 
and gradient echo. Gradient-echo is very useful to acquire images of “periodically” 
moving organs, such as the heart. It is also used as the basis for the MRPVM 
acquisitions. [2]. Fig 2.1 shows the schematic diagram of the gradient echo pulse 
sequence. 
 
 
           
Fig 2.1: Schematic diagram of gradient echo pulse sequence (RF= Radio Frequency 
pulse, GS= Slice Selection, GP= Phase Encoding, GF= Frequency Encoding, S= 
Signal Readout) 
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Of interest is to notice two parameters in the diagram, the echo time (TE) and the 
repetition time (TR). TR is defined as the time interval between the applications of 
two consecutive RF pulses as seen in Fig 2.1. TE is defined as the time interval 
between the application of RF pulse and the signal readout as seen in Fig 2.1. The 
T1 and T2 relaxation effects can be enhanced or reduced by adjusting the values of 
TE and TR [2]. 
 
2.2 Magnetic Resonance Phase Velocity Mapping (MRPVM) 
              In addition to its imaging capabilities, magnetic resonance has the ability 
to measure the velocity of moving protons in any of the three spatial directions. 
MRPVM is a technique which is able to acquire the velocity, encoded inside the 
phase of the acquired signal. In order to perform such phase-velocity encoding, a 
bipolar gradient is applied in the direction of interest. It consists of two lobes (Fig. 
2.2) of the same magnitude but opposite sign. This technique is usually applied in a 
gradient-echo sequence and typically results in the acquisition of both a magnitude 
and a phase image. The magnitude image gives geometric and structural 
information, where as the phase image provides the velocity through the 
proportionality between phase and velocity in each pixel [4].  
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Fig 2.2: Bipolar gradient 
                
To obtain accurate velocity information, the velocity must be constant (that 
is, no acceleration of higher velocity order effects should be present). In addition, 
any voxel dephasing will cause errors in the acquired phase value and thus the 
measured velocity may be incorrect. Dephasing may be caused by a number of 
factors, such as magnetic field inhomogeneity, magnetic field gradients, flow 
turbulence, etc. In addition, imperfections in the homogeneity of the magnetic field 
or in the application of the gradients may result in errors in the accumulated phase. 
To eliminate some of these effects, the acquisition is performed twice, once with 
one bipolar gradient applied and once with two bipolar gradients applied having 
opposite polarity (velocity compensation). By subtracting the two acquisitions, 
some of the inhomogeneity effects are eliminated [5]. 
 Moran [11] was the first to propose an encoding of the flow velocity in the phase 
of the signal with the use of a special gradient pulse sequence. These gradient pulses were 
arranged in such a way to eliminate the dependence of the velocity-encoded information 
on spatial location. Hofman et al. [16] described the exact time point, at which the 
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velocities were encoded by using the Taylor series expansion. In 1984, Bryant et al. [17] 
first proposed the clinical application of flow measurements by using the gradient-
recalled echo. 
                2D cine phase-contrast MRI technique can be used to analyze the complex 
hemodynamics in the aorta.  In 2005, Yokosawa et al. used the 2D cine phase-contrast 
MRI for the quantitative measurements of the human ascending aortic flow. In this study, 
phantom experiments were carried out at the flow velocity of 0.3-0.7 m/s and compared 
with the data taken from healthy volunteers. The flow rate evaluated from phantom 
experiments by using 2D cine PC-MRI was in agreement with the flow rate measured in 
human subjects. This study demonstrated that 2D cine PCMRI can measure velocity 
accurately in case of low flow rates [22]. 
2.2.1 Pulse Sequence and Phase Velocity Encoding 
             Phase-velocity encoding gradient echo pulse sequence was used for 
MRPVM acquisitions. In this pulse sequence, for velocity encoding bi-polar 
gradient was applied in the slice selection direction (through-plane) only. 
Nevertheless, additional bipolar gradients can be applied in the phase encoding and 
frequency encoding directions to measure the two in-plane velocity components the 
accumulated phase is calculated from the following equation [6]: 
 
                                    φ = (γM1) ν = (γ 

	
) ν = (γAgT) ν                         Eq.2.2 
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where: 
φ    -   Phase of the received signal (rad) 
γ     -   Gyromagnetic ratio (Hz/T) 
ν     -   Velocity (m/s) 
M1  -   First moment of the gradient waveform (T s
2
/m) at the echo time (TE) 
G (t) - Magnetic field gradient (T/m) 
Ag    -   Area of each lobe of the bipolar gradient (T/m s) 
T   -    Time between the centers of the two lobes of the gradient. 
             
               Based on the Nyquist sampling theorem, there is a maximum velocity that 
can be measured before aliasing occurs. This maximum velocity limit is called the 
velocity encoding (VENC) limit. The selected VENC should be adequately higher 
than maximum expected velocity; however, it should not be too high because the 
sensitivity of the technique will be reduced, affecting the accuracy of the velocity 
measurements [5]. Obviously, to avoid aliasing, the expected velocities must be well 
within the range of [-Venc, +Venc] [7]. 
              The most common way to convert the phase to velocity is through the following 
equation: 
 
                                ν = ∆φ (Venc/ π)                                                                       Eq.2.3 
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2.3 Turbulent Flow 
2.3.1 Introduction 
             In general, turbulent flow is defined as the motion of the fluid, in which velocity, 
pressure and other flow parameters fluctuate irregularly. Turbulent flow can be 
characterized by using the Reynolds number:                            
                                                      Re = ρ V L / µ                                                         Eq.2.5 
  
where: 
 Re : Reynolds number 
 V : Velocity (m/sec) 
  L : Characteristic length (m) 
 µ : Dynamic viscosity (Ns/m
2
)  
 ρ : Density (Kg/m
3
) 
               
             When the Reynolds number is greater than 2100, the flow can be called as the 
turbulent flow [8]. 
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2.3.2 Turbulence and MRPVM 
             In general, blood flow in the cardiovascular system is laminar under healthy 
conditions. Turbulent flow occurs because when there is a narrowing in a blood vessel or 
in a heart valve. The resulted stenosis has a severe impact on the function of the 
cardiovascular system and usually induces further complications and disease.  
           The effect of turbulent flow is typically seen in gradient echo images as a signal 
loss in the blood vessel. This signal loss is due to the dispersion of phase within a voxel 
as a result of the velocity fluctuations.  
 In 1987, Underwood et al. observed the signal loss distal to the ventricular shunt 
in the presence of turbulent flow. In this study, a short field echo with even echo 
rephasing was used to obtain the signal from moving blood [12]. Signal loss will be 
present in the case of turbulent flow and the velocity will be underestimated because of 
the signal loss. The measured area of signal loss was helpful in assessing shunts and 
regurgitation [13].  Ross et al. observed that cine MRI is very sensitive to stenotic jet 
flow as they tried to assess the efficiency of this technique to study aortic stenosis [19].                       
 The signal loss can be reduced by using a rapid spiral k-space sampling.  In 1994, 
Gatehouse et al. developed a novel sequence using rapid spiral k-space sampling for 
phase velocity mapping. To determine its accuracy, experiments were performed on 
phantoms for both in-plane and through-plane orientations. Phase velocity mapping was 
used to quantify the flow velocities and to measure the flow velocities in the descending 
aorta of volunteers. The results showed that the flow related signal loss is minimal due to 
the early acquisition of the center of the k-space. Artifacts and signal loss were observed 
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for in-plane flow. However, the main disadvantage of this technique is the sensitivity of 
the spiral scanning to the main magnetic field inhomogenity [14].  
              Phase contrast velocity imaging technique lengthens the scan time as there is a 
need to take two or more images to produce the final velocity image.  In 1999, Chee- man 
et al. introduced a novel phase contrast imaging technique to reduce the scan time by 
acquiring only a single image. This technique reduces scan time by 50% compared to the 
conventional phase contrast sequence. The idea of this study is to estimate phase 
variation in the flow-encoded image itself. This study also proposed the use of a new 
algorithm to separate the flow phase from background phase and the use of short echo-
time imaging sequences to improve image quality. The study found that the 
underestimation of the velocities in phantom experiments is due to the leakage of flow 
phase into the background phase and it measured the velocities accurately in case of aorta 
and vena cava [18].  
  Moser et al. measured the velocity through a step stenosis by using time-of-flight 
(TOF) and phase contrast techniques (PC-MRI). They compared the velocities measured 
from phantom model with the velocities measured by using the computational fluid 
dynamics (CFD) models. At Re=100, TOF measurements indicated that 50% of MRI 
data agreed to within the 10% of the CFD predictions. By contrast, PC-MRI 
measurements indicated that 90% of MRI data agreed to within the 10% of the CFD 
predictions. At Re=258, TOF measurements indicated that 79% of data agreed to within 
the 10% of the CFD predictions. By contrast, PC-MRI measurements indicated that 94% 
of MRI data agreed to within the 10% of the CFD predictions. The above results suggest 
that PC-MRI data well agreed with CFD when compared TOF [23]. In 1994, Moran et al. 
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studied the effects of intravoxel velocity distributions on the accuracy of the phase 
mapping in PC MR angiography. They observed that the phase mapping method was 
adequate to determine the average velocity when the flow is in the same direction but can 
give large errors in case of bidirectional flow. Small voxel size results in more accuracy 
[26]. 
 Velocity displacement artifacts will be larger in case of steady state flow than in 
pulsatile flow measurements. Steinman et al. [27] tried to understand the velocity 
displacements and spatial artifacts in complex flow measurements (Arterial bifurcations 
and bends). They found that the flow changes and artifacts are more effective in steady 
flow measurements than in pulsatile flow measurements.  
 Conventional non-segmented MRPVM is adequate for measuring the velocities 
accurately but needs longer scanning time. Zhang et al. [28] evaluated the accuracy of 
fast segmented k-space MRPVM. The axial velocity of flow through straight tubes was 
measured with segmented k-space MRPVM using seven lines of k-space per segment. 
They found that the results of both segmented and non-segmented k-space MRPVM were 
well matched. 
 Zhang et al. proposed and evaluated a fast segmented k-space MRPVM in 
quantifying the flow through mitral regurgitant orifices. This evaluation was studied in 
mitral valve models with regurgitation in both the steady state and pulsatile flow. Two 
MRPVM schemes were implemented: one with seven lines per segment and other with 
nine lines per segment. The results from the segmented MRPVM were compared to the 
results of the non-segmented MRPVM. Both results agreed well with a difference of <5% 
in steady state flow and as well as in pulsatile flow [29]. Velocity-encoded cine MR can 
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be used to measure aortic and pulmonary flow velocities and volumes in the 
physiological range. Kondo et al. tried to evaluate the accuracy of MR phase velocity 
mapping in measuring the flow velocity. In this study, the left and right ventricular stoke 
volumes were measured using a phantom model and compared with the human 
measurements. The results of this experiment indicated that VEC MR can measure the 
aortic and pulmonary flow velocities and volumes accurately [25]. 
  Mills et al. studied the effect of turbulent flow on the spin echo images. The effect 
of turbulence increased the signal intensity by maintaining a subpopulation of spin in the 
imaged slice [30]. Bradley et al. further investigated the application of spin echo 
technique for turbulent flow measurements and found that turbulent flow may increase or 
decrease the signal intensity [31].  It is difficult to get the velocity information by using 
the spin echo pulse sequence due to the loss of signal intensity with increasing flow rates. 
           In 1995, Oshinski et al. conducted studies on the 90% stenosis phantom, in which 
turbulent flow occurs, to find out the cause for signal loss in magnetic resonance 
angiographic images.  The results indicated that the signal loss was due to turbulent 
fluctuation velocity. This study suggested that shortening of gradient durations and echo 
times may help in reducing the signal loss. This study also suggested that future 
experiments on phantoms should be conducted with fluids having physiological velocity 
patterns [15]. 
                Gore et al. studied on mapping of turbulent intensity by MRI. In this study, 
50% stenosis model was used at Reynolds numbers of 1340 and 2680 and 70% stenosis 
at Reynolds number of 1340, acquired the data with the readout gradient along the 
direction of flow. This study suggested that the use of partial echoes to achieve 
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differential signal losses with fast gradient echo sequence can be implemented in vivo. 
The mapping of turbulent flow in vivo is difficult; but this method can be helpful for 
characterizing characterize the stenosis, and the turbulent signal can be modeled if the 
fluid flow velocities are described in terms of the autocorrelation function [32].     
 Turbulent flow can be measured by using echo-planar imaging (EPI). In 1991, 
Kose et al. proposed an EPI technique by which flow can be characterized with the use of 
velocity vectors in a short time. The velocity – weighted spin echo EPI was used to 
acquire 32 x 32 images with an echo time of 28 ms [34].  
 In 2003, Sederman et al. acquired three- component velocity images of turbulent 
flow pipe by using the gradient echo rapid velocity and acceleration imaging sequence 
(GERVAIS). They also reported on the use of modified EPI sequence in measuring the 
acceleration and resolved temporal correlation images. The experiments were carried out 
on a long tube at Reynolds numbers of 1250, 1700, 2500, 3300, 4200, and 5000, and thus 
both laminar and turbulent flow images were taken. The results from laminar flow well 
agreed with predicted values. In case of turbulent flow, z-velocity fingers, which were 
extended from the walls towards the center, were observed with turbulent puffs [35].  
              Short echo-times can minimize the MR signal loss from turbulent flow. Kilner et 
al. minimized the MR signal loss by reducing the echo-times of field even-echo 
rephrasing velocity mapping sequence from 14 to 3.6 msec. In-vitro experiments on 
phantom models confirmed the accuracy of 3.6 msec TE sequence in measuring 
velocities up to 6 m/sec. There was a well agreement between MR imaging and Doppler 
ultrasound in case of peak velocity measurements [21]. 
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              O’Brien et al. [36] showed that lower echo-times (2 msec) improved the 
accuracy in measuring high-velocities turbulent jets by reducing the signal loss in the 
flow compensated magnitude image and by removing salt and pepper noise from the 
phase image. They conducted the in-vitro studies on orifice flow phantom models to see 
the effect of echo-times in measuring high-velocity turbulent jets and showed that 
shortening TE improved the accuracy. They also showed that current clinical pulse 
sequence (TE> 2 msec) may not characterize the flow in highly turbulent jets accurately. 
2.4 Summary 
          Many previous studies found that MRPVM was accurate enough for determining 
the velocities in the case of laminar flow. MRPVM is very sensitive to turbulent flow, 
which occurs in many cardiovascular diseases, where the signal loss increases with 
increasing flow rate. It is important for the researchers to find ways to avoid the signal 
loss due to turbulence by using different imaging parameters. 
 The present study aims to determine the ability of MRPVM to quantify the flow 
rate in geometries where turbulence develops. In this study, we aimed to determine the 
effect of geometry as well as the effect of imaging parameters such as spatial resolution 
and echo-time on the ability of MRPVM to measure the flow and velocities in case of 
turbulent flow fields.   
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CHAPTER III 
HYPOTHESIS AD SPECIFIC AIMS 
         Arterial stenosis (narrowing of blood vessels) is due to vascular disease which 
causes the complex flow fields inside the blood vessels. As the number of patients with 
Arterial stenosis is increasing every year, it is important to find and validate a technique 
which can accurately measure blood flow velocities, high-Reynolds flow and the severity 
of stenosis in physiological conditions. Magnetic Resonance Phase Velocity Mapping 
(MRPVM) is the best available technique in measuring the velocities accurately in all 
three spatial directions in normal conditions, but it has several limitations in case of 
turbulent flow, where the signal loss is more severe compared to laminar flow. There is a 
need for more MRPVM experiments at different flow conditions, and with different 
imaging parameters.  
           The objective of this study is to determine the ability of MRPVM to quantify the 
flow rates in experimental models of arterial stenosis under a variety of flow conditions, 
ranging from laminar to turbulent. The hypothesis of the study was that shortened echo-
times can reduce the signal loss in turbulent flow fields and spatial resolutions may also 
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affect the accuracy of MRPVM in measuring flow rates at high Reynolds numbers flow. 
The hypothesis was tested through achieving the following specific aims: 
 
Specific Aim 1:  
           The effect of TE on the ability of MRPVM to quantify the flow rates in 
turbulent flow fields. 
            This aim was achieved by acquiring the axial MR images of a non-occluded 
straight tube; an occluded tube with a 75% area reduction stenosis; and an occluded tube 
with a 94% area reduction stenosis at five different echo-times (2.65, 3.4, 4.2, 5, 6 msec).  
The images were acquired under steady-state flow conditions (flow rates of 1.4-10.4 
L/min) inside a 1.5 Tesla whole-body clinical Siemens MR scanner. Axial MRPVM 
acquisitions were performed in all models upstream, at the throat, and downstream of the 
stenosis.  The acquired phase images provided the velocity from which the flow rate was 
calculated.  The MR-measured flow rates were compared with the true flow rates from 
rotameters to determine the effect of TE on the accuracy of MRPVM.   
Specific Aim2: 
             The effect of spatial resolution on the ability of MRPVM to quantify the flow 
rates in turbulent flow fields. 
               This aim was achieved by acquiring the axial MR images of same models as in 
specific aim 1 at three different special resolutions (0.9x0.9, 1.3x1.3, 1.7x1.7 mm
2
). The 
remaining procedure of this aim is same as the specific aim 1.  
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CHAPTER IV 
METHODS 
                         In this chapter, the experimental apparatus, the models used in the 
experiments, the flow conditions, the imaging procedure, the imaging parameters and the 
image data analysis are described. 
4.1 Experimental Apparatus 
               A steady-state flow loop was used for the MRPVM experiments to measure the 
velocity and flow rate in the flow models. The flow loop consisted of a polycarbonate 
container filled with water in which the test sections were placed, the test sections 
(models) made of Pyrex glass, a steady-state submersible pump (Flotec ¼ HP; Delavan 
WI), a rotameter (Dakota Instruments, 0-12 L/min), a reservoir in which the pump was 
placed, PVC piping, and clear flexible tubing. A simple schematic of the loop is shown in 
Fig. 4.1.  
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Fig 4.1: Schematic diagram of steady-state flow loop. 
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 The polycarbonate container was 43x23 cm large. It was filled with water and the 
model was placed in it to ensure a strong acquired magnetic resonance signal. A mercury 
level was used to make sure that the model was fixed inside the phantom box as a straight 
line.  The ½ inch PVC pipes and clear flexible tubes were used to connect the test section 
with the pump which was placed in a 50 L reservoir. A rotameter (Dakota Instruments, 0-
12 L/min) was connected to the loop immediately after the pump to provide the reference 
flow rates. The rotameter was calibrated using the “bucket and stop-watch” technique. 
Gate valves were used to adjust the flow rate at the desired values. A clear flexible tube 
was used to transport the working fluid back to the reservoir Water was used as the 
working fluid for the entire experiment. The total length of the flow loop was 13.4 
meters. The flow loop was assembled and tested in the laboratory for its functionality and 
for the presence of leaks.  
 Figure 4.2 shows a photograph of the experimental setup (excluding the reservoir) 
with the flow loop placed inside the MRI scanner.  
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Fig 4.2: Photograph of the experimental setup. 
4.2 Models 
            Three models were used in this study, a straight tube model (no stenosis), a 75% 
area reduction (50% diameter reduction) gradual stenosis model and a 94% area 
reduction (75% diameter reduction) gradual stenosis model.   
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4.2.1 Straight Tube Model (no stenosis) 
           Pyrex glass was used to make this model with a length of 30 cm, inner diameter 
(ID) of 1.945 cm and with an area of 2.97 cm
2
. The diameter and area were maintained 
the same throughout the entire length of the tube. The images were taken at a position 15 
cm from each edge of the model. Fig. 4.3 shows a photograph and the schematic diagram 
of the model and the thin line across the image represents the location where the images 
were taken.                         
 
 
Figure 4.3: Photograph and the schematic diagram of the straight (no stenosis) tube 
model. 
Image slice at 
the center 
      ID = 1.945 cm 
30 cm 
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4.2.2 75% Stenosis Model 
           The 75% area reduction stenosis model was a Pyrex glass model in which the area 
at the throat of the stenosis was 25% of the area of the unoccluded part of the model.  The 
model was 30 cm long with an upstream and downstream of the stenosis inside diameter 
of 1.945 cm and an inner diameter at the throat of 0.97 cm. The cross-sectional area at the 
9cm upstream to the throat and 6.5 cm downstream to the throat was both 2.97 cm
2 
and 
that at the throat of the stenosis 0.74 cm
2
. 
 The images were taken at three different positions as described below: 
• Upstream of the stenosis, 9 cm from the throat. 
• 1 cm downstream of the stenosis (this position was chosen in order to take data in 
a region of intense turbulence relatively close to the throat). 
• Downstream of the stenosis, 6.5 cm from the throat, where the tube diameter has 
completely recovered to its unoccluded value.  
 
        Fig. 4.4 shows a photograph and the schematic diagram of the 75% stenosis 
model. The thin lines across the image represent the imaging slice positions which 
were already described above. 
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Fig 4.4: Photograph and the schematic diagram of the 75% stenosis model tube. 
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4.2.3 94% Stenosis Model 
           The 94% area reduction stenosis was again a Pyrex glass model 30 cm long, with a 
stenosis at the center. The cross-sectional area of the model at the unoccluded part of the 
model was again 2.97 cm
2
 and at the throat of the stenosis approximately 0.18 cm
2
.  
 The images were taken at the same locations as with the 75% stenosis model, that 
is: 
a) Upstream of the stenosis, 9cm from the throat. 
b) 1 cm downstream of the stenosis (this position was chosen in order to take data in 
a region of intense turbulence relatively close to the throat). 
c) Downstream of the stenosis, 6.5cm from the throat, where the tube diameter has 
completely recovered to its unoccluded value.  
 
           Fig. 4.5 shows a photograph and the schematic diagram of 94% stenosis model. 
The thin lines across the image represent the imaging slice positions which were already 
described above.  
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Fig 4.5: Photograph and the schematic diagram of the 94% stenosis model tube. 
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4.3 Flow Conditions 
             As mentioned, water was used as the working fluid (because of more number of 
hydrogen molecules i.e. more number of protons will give a good MR signal) in this 
experiment with a density of 998 kg/m
3
 and a viscosity of 0.001 kg/m s. The reason the 
fluid signal is higher is because it’s moving, so it does not get saturated. Four flow rates 
were used in the straight tube and 94% stenosis models. Three flow rates were used in the 
75% stenosis model. 
 Table 4.1 shows the flow rates, the cross-sectional average velocity values, and 
the Reynolds numbers (Re) in the straight tube experiments. 
 
Table 4.1: Flow rates, velocity values and Reynolds numbers used in the straight tube 
model experiments. 
 
Flow Rate 
(Liters/min) 
Cross-Sectional 
Average Velocity 
(cm/sec) 
Re 
1.4 7.86 1525 
4.4 24.7 4794 
7.7 43.23 8390 
10.4 58.39 11332 
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             Table 4.2 shows the flow rates, the upstream and throat average cross-sectional 
velocity values, and the upstream and throat Reynolds numbers in the 75% stenosis 
model. 
 
Table 4.2: Flow rates, upstream and throat average cross-sectional velocity values, and 
upstream and throat Reynolds numbers in the 75% stenosis model. 
 
Flow Rate 
 
(Liters/min) 
Upstream 
Cross-
Sectional 
Average 
Velocity 
 
(cm/sec) 
Upstream 
Re 
Throat 
Cross-
Sectional  
Average 
Velocity 
(cm/sec) 
Throat Re 
1.4 7.86 1525 31.3 3045 
4.4 24.7 4794 98.4 9569 
7.7 43.23 8390 172.2 16746 
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             Similarly, Table 4.3 shows the flow rates, the upstream and throat average cross-
sectional velocity values, and the upstream and throat Reynolds numbers in the 94% 
stenosis model. 
Table 4.3: Flow rates, upstream and throat average cross-sectional velocity values, and 
upstream and throat Reynolds numbers in the 94% stenosis model. 
 
Flow Rate 
 
(Liters/min) 
Upstream 
Cross-
Sectional 
Average 
Velocity 
 
(cm/sec) 
Upstream 
Re 
Throat 
Cross-
Sectional  
Average 
Velocity 
(cm/sec) 
Throat Re 
1.4 7.86 1525 125.7 6101 
4.4 24.7 4794 395.2 19176 
7.7 43.23 8390 691.9 33557 
10.4 58.4 11332 934.1 45324 
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4.4 Imaging Parameters and Procedure 
           The flow experiments were carried out in a Siemens 1.5 T MRI scanner 
(Magnetom Sonata, Siemens Medical Solutions Inc., Germany), as shown in Fig. 4.2. 
The flow loop was assembled on the scanner patient table, and the polycarbonated 
container with the test section was slided at the isocenter of the scanner. The flow was 
started and, once flow was stabilized, measurements were performed. 
 Gradient echo MRPVM acquisitions were performed using the transverse slices (5 
mm thick) shown in Figs. 4.3-4.5Five TE values  (2.65, 3.4, 4.2, 5 and 6 msec) and three 
spatial resolutions settings (the field of view and the matrix size values are shown in 
Tables 4.4-4.12) were used: 0.9x0.9, 1.3x1.3 and 1.7x1.7 mm
2
. The band width used for 
all the experiments was 606 Hz/pixel. The same TR of 90 msec was used in all 
acquisitions. The through-plane velocity was acquired with VENC values selected based 
on the highest expected velocity values in each model and condition. Three experiments 
for each model were carried out on different days. Tables 4.4-4.12 show the imaging 
parameters used for the MRPVM acquisitions in all three models.  
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Table 4.4: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the straight tube - flow rates: 1.4, 4.4 and 7.7 L/min 
Slice 
thickness 
Mm 
FOV 
mm 
Matrix 
Size 
Pixel size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
5 180 192x192 0.9 90 2.65 66 
5 250 192x192 1.3 90 2.65 66 
5 330 192x192 1.7 90 2.65 66 
5 180 192x192 0.9 90 3.4 66 
5 250 192x192 1.3 90 3.4 66 
5 330 192x192 1.7 90 3.4 66 
5 180 192x192 0.9 90 4.2 66 
5 250 192x192 1.3 90 4.2 66 
5 330 192x192 1.7 90 4.2 66 
5 180 192x192 0.9 90 5 66 
5 250 192x192 1.3 90 5 66 
5 330 192x192 1.7 90 5 66 
5 180 192x192 0.9 90 6 66 
5 250 192x192 1.3 90 6 66 
5 330 192x192 1.7 90 6 66 
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Table 4.5: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in a straight tube - flow rate: 10.4 L/min. 
 
Slice 
thickness 
Mm 
FOV 
mm 
Matrix 
Size 
Pixel size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
5 180 192x192 0.9 90 2.65 90 
5 250 192x192 1.3 90 2.65 90 
5 330 192x192 1.7 90 2.65 90 
5 180 192x192 0.9 90 3.4 90 
5 250 192x192 1.3 90 3.4 90 
5 330 192x192 1.7 90 3.4 90 
5 180 192x192 0.9 90 4.2 90 
5 250 192x192 1.3 90 4.2 90 
5 330 192x192 1.7 90 4.2 90 
5 180 192x192 0.9 90 5 90 
5 250 192x192 1.3 90 5 90 
5 330 192x192 1.7 90 5 90 
5 180 192x192 0.9 90 6 90 
5 250 192x192 1.3 90 6 90 
5 330 192x192 1.7 90 6 90 
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Table 4.6: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 75% stenosis model - flow rate: 1.4 L/min. 
 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
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Table 4.7: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 75% gradual stenosis model - flow rate: 4.4 L/min. 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 120 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 120 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 120 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 80 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 80 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 80 
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Table 4.8: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 75% stenosis model - flow rate: 7.7 L/min. 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 200 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 200 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 200 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 160 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 160 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 160 
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Table 4.9: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 94% stenosis model - flow rate: 1.4 L/min. 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 120 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 120 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 120 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 70 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 70 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 70 
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Table 4.10: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 94% stenosis model - flow rate: 4.4 L/min. 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 450 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 450 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 450 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 250 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 250 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 250 
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Table 4.11: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 94% stenosis model - flow rate: 7.7 L/min. 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 66 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 66 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 850 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 850 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 850 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 500 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 500 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 500 
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Table 4.12: Imaging parameters used for the transverse MRPVM through-plane 
acquisitions in the 94% stenosis model - flow rate: 10.4 L/min. 
Slice position Slice 
thickness 
mm 
FOV 
mm 
Matrix 
Size 
Pixel 
size 
mm 
TR 
ms 
TE 
ms 
VEC 
cm/sec 
Upstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 90 
Upstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 90 
Upstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 90 
1cm after stenosis 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 999 
1cm after stenosis 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 999 
1cm after stenosis 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 999 
Downstream 5 180 192x192 0.9 90 [2.65, 3.4, 4.2, 5, 6] 650 
Downstream 5 250 192x192 1.3 90 [2.65, 3.4, 4.2, 5, 6] 650 
Downstream 5 330 192x192 1.7 90 [2.65, 3.4, 4.2, 5, 6] 650 
 
 
            Each measurement was performed three times for the same model, flow rate, and 
imaging parameters on different days.  
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4.5 Image Data Analysis 
              The acquired images were transferred to the PC in the laboratory at CSU for 
analysis. Each MRPVM acquisition produced a magnitude image and a phase image. The 
first analysis, however, was performed at the Cleveland Clinic using the Argus software 
(Siemens Medical Solutions, Erlangen, Germany)) to calculate the measured flow rates in 
each model. The region of interest (ROI) was selected as the tube lumen in each case and 
Argus calculated the measured flow rate. At CSU, a Matlab (R2007a version, Math 
works, USA) code was used to draw an ROI on the magnitude image; that ROI was then 
applied to the corresponding phase image to calculate the velocity values. The ROI was 
created by using a binary mask (binary image with the same size as the magnitude image) 
in which each pixel inside the ROI are assigned a value equal to 1 and each pixel outside 
the ROI are assigned a value equal to 0. By using the mask image and by converting the 
phase value in each pixel to velocity value using the following equation: 
 
Velocity Value = (VEC / 2048) x (Phase Value – 2048)  (Eq.4.1) 
 
            The velocity values outside the mask image coordinates were set equal to zero 
and the velocity values of pixels inside the mask coordinates were calculated.  
            A separate Matlab code was used to get the color coded images based on the 
velocity values acquired from the transverse phase images. Figs. 4.6-4.8 show an 
example of the magnitude, phase, and mask images. 
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Fig 4.6: Magnitude image                                                 Fig 4.7: Phase image 
 
 
                                     
 
                                             Fig 4.8: Mask image 
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CHAPTER V 
RESULTS 
In this chapter the results of this study are presented for all three models. 
 Briefly, the velocity of water was measured with MRPVM in three glass models: 
one without any stenosis (straight tube), one with a 75% area reduction stenosis, and one 
with a 94% area reduction stenosis.  In the case of the unoccluded straight tube, velocity 
data was acquired at four flow rates (1.4, 4.4, 7.7, 10.4 L/min), five TEs (2.65, 3.4, 4.2, 5, 
6 ms) and three in-plane spatial resolutions (0.9x0.9, 1.3x1.3, 1.7x1.7 mm
2
). In the case 
of the 75% stenosis model, data was acquired at three flow rates (1.4, 4.4, 7.7 L/min), 
five TEs (2.65, 3.4, 4.2, 5, 6 ms) and three in-plane spatial resolutions (0.9x0.9, 1.3x1.3, 
1.7x1.7 mm
2
). In the case of the 94% stenosis model, data was acquired at four flow rates 
(1.4, 4.4, 7.7, 10.4 L/min), five TEs (2.65, 3.4, 4.2, 5, 6 ms) and three in-plane spatial 
resolutions (0.9x0.9, 1.3x1.3, 1.7x1.7 mm
2
). The velocities measured by using MRPVM 
were used to calculate the flow rates which were compared with the true flow rates 
known via the rotameter.  
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            In this chapter, the results are discussed with their connection to the specific aims 
of the study; specifically, of interest is to understand:  
1) The effect of TE on the measurements, especially in turbulent flow. 
2) The effect of spatial resolution settings on the measurements, again especially in 
turbulent flow. 
 
5.1 Results Related to the effect of TE and Spatial Resolution on the 
Measurements 
5.1.1 Straight Tube 
To determine the effect of TE and spatial resolution on the measurement of flow rates for 
different flow rates in the straight tube model, flow rate was measured in a slice 
positioned at the center of the tube as shown in Fig. 5.1: 
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Fig 5.1: Schematic diagram of straight tube. 
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the center 
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30 cm 
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At flow rate=1.4 L/min: 
Table 5.1: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions) and at 1.4 lpm for a straight tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.42 1.36 1.43 0.03 
3.4 1.52 1.49 1.50 0.01 
4.2 1.65 1.61 1.65 0.02 
5 1.72 1.68 1.66 0.02 
6 1.77 1.75 1.73 0.01 
1.3x1.3 2.65 1.40 1.36 1.40 0.02 
3.4 1.54 1.45 1.49 0.04 
4.2 1.65 1.58 1.56 0.04 
5 1.70 1.66 1.63 0.03 
6 1.82 1.75 1.70 0.05 
1.7x1.7 2.65 1.42 1.42 1.38 0.02 
3.4 1.50 1.50 1.49 0.01 
4.2 1.63 1.63 1.58 0.03 
5 1.73 1.72 1.66 0.03 
6 1.81 1.77 1.70 0.04 
 
                Fig 5.2 gives us the relation between the measured average flow rate and five 
different echo-times at three different resolutions. From the figures 5.2 and 5.3, we can 
observe that the flow rate measurements are almost unaffected with the resolution but 
they increase with an increase in the echo-time. To ensure that the three trials of 
experiments were performed at the same flow rate, we need to have a clear look at the 
standard deviation (STDEV) lines. Standard deviation values are quite low as can be seen 
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in the figure (<0.1). As the flow rate varies with in a small range of values, we might not 
be sure about the increase in the measured flow rate with an increase in the TE value.  
  
                  
 
  
Figure 5.2: Flow rate Vs TE at three different resolutions and at 1.4 lpm flow rate for a 
straight tube. 
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Fig 5.3: Flow rate Vs Resolution at five different TEs and at 1.4 lpm flow rate for a 
straight tube. 
  
 
At flow rate = 4.4 L/min: 
 
                     Table 5.2gives the information about the flow rates from three experiments 
and also the standard deviation of three trials at different imaging parameters such as 
echo-time (TE) and spatial resolutions. 
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Table 5.2: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions) and at 4.4lpm flow rate for a straight tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 4.60 4.76 4.62 0.09 
3.4 4.48 4.87 4.73 0.20 
4.2 4.60 5.03 4.89 0.22 
5 4.66 5.06 4.90 0.21 
6 4.64 5.17 4.97 0.27 
1.3x1.3 2.65 4.64 4.66 4.60 0.03 
3.4 4.53 4.78 4.73 0.13 
4.2 4.62 4.89 4.78 0.13 
5 4.67 4.94 4.85 0.14 
6 4.69 5.06 4.89 0.19 
1.7x1.7 2.65 4.60 4.67 4.60 0.04 
3.4 4.64 4.85 4.74 0.11 
4.2 4.71 4.94 4.83 0.12 
5 4.71 5.01 4.87 0.15 
6 4.78 5.10 4.89 0.16 
 
 
 
                   Fig 5.4 gives us the relation between the measured average flow rates and 
five different echo-times at three different resolutions. From the figures 5.4 and 5.5, we 
can observe that the velocity measurements are almost unaffected with the resolution but 
they increase with an increase in the echo-time. Standard deviation values are quite low 
as can be seen in the figure (<0.3). As the flow rate varies with in a small range of values, 
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we might not be sure about the increase in the measured velocity with an increase in the 
TE value.  
 
 
Fig 5.4: Flow rate Vs TE at three different resolutions and at 4.4 lpm flow rate for a 
straight tube. 
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Fig 5.5: Flow rate Vs Resolution at five different TEs and at 4.4 lpm flow rate for a 
straight tube. 
 
At flow rate = 7.7 L/min: 
 
               Table 5.3 gives the information about the flow rates from three experiments and 
also the standard deviation of three trials at different imaging parameters such as echo-
time (TE) and spatial resolutions. 
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Table 5.3: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions) and at 7.7lpm flow rate for a straight tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 7.82 8.02 7.72 0.15 
3.4 7.88 8.18 7.79 0.20 
4.2 8.02 8.21 7.93 0.14 
5 8.09 8.32 8.02 0.16 
6 8.12 8.28 8.05 0.12 
1.3x1.3 2.65 7.75 7.79 7.68 0.05 
3.4 8.00 8.05 7.79 0.14 
4.2 8.02 8.09 7.82 0.14 
5 8.11 8.25 7.97 0.14 
6 8.23 8.23 8.02 0.12 
1.7x1.7 2.65 7.97 7.97 7.63 0.19 
3.4 8.04 8.00 7.77 0.14 
4.2 8.20 8.05 7.86 0.17 
5 8.25 8.27 7.91 0.20 
6 8.32 8.21 8.02 0.15 
 
 
              Fig 5.6 gives us the relation between the measured average velocities and five 
different echo-times at three different resolutions where as Fig 5.7 show the relation 
between flow rates and spatial resolutions. From the figures 5.6 and 5.7, the flow rates 
measurements followed the same pattern as they were at 4.4 lpm flow rate.  
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Fig 5.6: Flow rate Vs TE at three different resolutions and at 7.7lpm flow rate for a 
straight tube. 
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Fig 5.7: Flow rate Vs Resolution at five different TEs and at 7.7 lpm flow rate for a 
straight tube. 
5.1.2 75% Stenosis Tube 
               To determine the effect of TE and spatial resolution on the measurement of flow 
rates for different flow rates in the 75% stenosis tube model, flow rate was measured in 
slices positioned at 9cm upstream to the throat, 1cm after the throat and at 6.5 cm after 
the throat as shown in Fig. 5.8: 
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Fig 5.8: Schematic diagram of a 75% stenosis tube. 
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At flow rate = 1.4 L/min: 
                  Tables 5.4, 5.5 and 5.6 gives the information about the flow rates from three 
experiments and also the standard deviation of three trials at different imaging parameters 
such as echo-time (TE), spatial resolutions and the imaging slice positions was at 9cm 
upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  for a 75% 
stenosis tube . 
Table 5.4: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 1.4 lpm flow rate 
for a 75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.35 1.15 1.31 0.1 
3.4 1.40 1.20 1.43 0.1 
4.2 1.49 1.29 1.47 0.1 
5 1.50 1.35 1.56 0.1 
6 1.52 1.35 1.61 0.1 
1.3x1.3 2.65 1.35 1.12 1.35 0.1 
3.4 1.38 1.20 1.42 0.1 
4.2 1.43 1.31 1.49 0.1 
5 1.47 1.33 1.52 0.1 
6 1.50 1.40 1.58 0.1 
1.7x1.7 2.65 1.27 1.12 1.35 0.1 
3.4 1.33 1.20 1.38 0.1 
4.2 1.40 1.29 1.47 0.1 
5 1.47 1.29 1.52 0.1 
6 1.49 1.36 1.58 0.1 
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Table 5.5: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1cm after the throat and at 1.4 lpm flow rate for a 
75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.42 1.22 1.28 0.1 
3.4 1.41 1.18 1.24 0.1 
4.2 1.39 1.18 1.29 0.1 
5 1.39 1.17 1.20 0.1 
6 1.39 1.17 1.25 0.1 
1.3x1.3 2.65 1.44 1.22 1.37 0.1 
3.4 1.44 1.21 1.37 0.1 
4.2 1.42 1.20 1.36 0.1 
5 1.43 1.18 1.35 0.1 
6 1.42 1.19 1.34 0.1 
1.7x1.7 2.65 1.46 1.23 1.44 0.1 
3.4 1.45 1.23 1.42 0.1 
4.2 1.45 1.21 1.42 0.1 
5 1.45 1.21 1.41 0.1 
6 1.44 1.21 1.41 0.1 
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Table 5.6: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 1.4 lpm flow rate for a 
75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.44 1.44 1.62 0.1 
3.4 1.38 1.38 1.5 0.1 
4.2 1.14 1.14 1.44 0.2 
5 1.14 1.2 1.44 0.2 
6 0.96 1.14 1.32 0.2 
1.3x1.3 2.65 1.44 1.38 1.56 0.1 
3.4 1.2 1.32 1.5 0.2 
4.2 1.26 1.44 1.44 0.1 
5 1.02 1.38 1.38 0.2 
6 1.14 1.14 1.26 0.1 
1.7x1.7 2.65 1.5 1.5 1.56 0.0 
3.4 1.32 1.32 1.44 0.1 
4.2 1.02 1.38 1.44 0.2 
5 1.08 1.14 1.44 0.2 
6 0.96 1.14 1.32 0.2 
 
 
                  Fig 5.9, 5.10 and 5.11 gives us the relation between the measured flow rates 
and five different echo-times at three different resolutions and also at three different 
imaging slice positions. From the figures D.10, D.11 and D.12 (Appendix D), we can 
observe that the flow rate measurements are almost unaffected with the resolution at 9cm 
upstream to throat and at 6.5cm after throat but they decrease at 1cm, with an increase in 
the resolution. From figures 5.9, 5.10 and 5.11, flow rates at 9cm upstream to throat 
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increased, at 6.5 cm after throat decreased with TE as the flow rates at 1cm after throat 
were not effected by TE. Flow rates at 6.5cm after throat were overestimated because of 
the turbulent jet. Standard deviation values are quite low at all three slice positions as can 
be seen in the figures (<0.2). The increase in measured flow rate is only in a range of 0- 
0.2 lpm at all three slice positions. 
 
 
Fig 5.9: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 0.9x0.9 mm
2
 
resolution for a 75% stenosis model.  
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Fig 5.10: : Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 75% stenosis model. 
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Fig 5.11: : Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 75% stenosis model. 
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At flow rate = 4.4 L/min: 
                      Tables 5.7, 5.8 and 5.9 gives the information about the flow rates from 
three experiments and also the standard deviation of three trials at different imaging 
parameters such as echo-time (TE), spatial resolutions and the imaging slice positions 
was at 9cm upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  
for a 75% stenosis tube . 
Table 5.7: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 4.4 lpm flow rate 
for a 75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 4.66 4.85 4.32 0.3 
3.4 4.67 4.94 4.43 0.3 
4.2 4.76 4.96 4.46 0.2 
5 4.81 5.04 4.53 0.3 
6 4.83 5.13 4.50 0.3 
1.3x1.3 2.65 4.67 4.83 4.34 0.3 
3.4 4.69 4.92 4.37 0.3 
4.2 4.74 4.99 4.46 0.3 
5 4.87 5.08 4.60 0.2 
6 4.89 5.13 4.60 0.3 
1.7x1.7 2.65 4.58 4.74 4.32 0.2 
3.4 4.67 4.94 4.39 0.3 
4.2 4.73 4.96 4.46 0.2 
5 4.81 4.97 4.50 0.2 
6 4.87 5.04 4.55 0.3 
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Table 5.8: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1 cm after the throat and at 4.4 lpm flow rate for a 
75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
0.9x0.9 2.65 3.63 
3.4 4.13 
4.2 4.13 
5 4.13 
6 4.13 
1.3x1.3 2.65 4.17 
3.4 4.21 
4.2 4.17 
5 4.17 
6 4.13 
1.7x1.7 2.65 4.21 
3.4 4.25 
4.2 4.21 
5 4.21 
6 4.21 
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Table 5.9: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 4.4 lpm flow rate for a 
75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 4.5 4.98 4.56 0.3 
3.4 4.44 4.68 4.38 0.2 
4.2 4.38 4.74 4.38 0.2 
5 4.32 4.68 4.5 0.2 
6 4.08 4.74 4.32 0.3 
1.3x1.3 2.65 4.5 4.74 4.62 0.1 
3.4 4.5 4.74 4.56 0.1 
4.2 4.44 4.74 4.56 0.2 
5 4.38 4.8 4.38 0.2 
6 4.44 4.62 4.26 0.2 
1.7x1.7 2.65 4.62 5.04 4.62 0.2 
3.4 4.26 4.74 4.56 0.2 
4.2 4.32 4.74 4.44 0.2 
5 4.32 4.74 4.44 0.2 
6 4.26 4.8 4.2 0.3 
 
                   Fig 5.12, 5.13 and 5.14 show the relation between the measured flow rates 
and five different echo-times and we can observe that, flow rates at 9cm upstream to 
throat increased, 6.5 cm after throat decreased with TE as the flow rates at 1cm after 
throat were not much affected by TE. From the figures D.13, D.14 and D.15 (Appendix 
D), we can observe that the flow rate measurements are almost unaffected with the 
resolution at 9cm upstream to throat but they decrease at 1cm and flow rates at 6.5cm 
after throat have no specific order with an increase in the resolution. Standard deviation 
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values are quite low at all three slice positions as can be seen in the figures (<0.3). The 
increase in measured flow rate is only varied in a range of 0- 0.2 lpm at all three slice 
positions. The overestimation of flow rate was observed at 6.5cm after throat due to jet 
effect from stenosis. The measured flow rate was underestimated consistently by 0.2 lpm 
at 1cm after throat may be because of small amount signal loss. 
 
 
 
Fig 5.12: : Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 75% stenosis model. 
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Fig 5.13: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 75% stenosis model. 
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Fig 5.14: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 75% stenosis model. 
 
At flow rate = 7.7 L/min: 
               Tables 5.10, 5.11 and 5.12 gives the information about the flow rates from three 
experiments and also the standard deviation of three trials at different imaging parameters 
such as echo-time (TE), spatial resolutions and the imaging slice positions was at 9cm 
upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  for a 75% 
stenosis tube . 
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Table 5.10: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 7.7 lpm flow rate 
for a 75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 8.04 7.75 7.89 0.1 
3.4 8.00 7.70 8.05 0.2 
4.2 8.11 7.86 7.93 0.1 
5 8.21 7.81 8.04 0.2 
6 8.16 7.88 8.09 0.1 
1.3x1.3 2.65 7.97 7.79 7.93 0.1 
3.4 7.98 7.70 8.05 0.2 
4.2 8.07 7.86 8.02 0.1 
5 8.20 7.81 8.02 0.2 
6 8.18 7.88 8.14 0.2 
1.7x1.7 2.65 7.84 7.63 7.77 0.1 
3.4 7.97 7.75 7.93 0.1 
4.2 8.00 7.75 8.00 0.1 
5 8.07 7.77 8.07 0.2 
6 8.11 7.66 8.11 0.3 
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Table 5.11: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1 cm after the throat and at 7.7 lpm flow rate for a 
75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 6.98 6.62 6.54 0.2 
3.4 6.98 6.70 6.58 0.2 
4.2 6.90 6.74 6.46 0.2 
5 6.94 6.74 6.50 0.2 
6 6.86 6.54 6.42 0.2 
1.3x1.3 2.65 6.98 6.66 6.66 0.2 
3.4 6.98 6.74 6.62 0.2 
4.2 6.94 6.74 6.62 0.2 
5 6.94 6.78 6.62 0.2 
6 6.94 6.66 6.62 0.2 
1.7x1.7 2.65 7.06 6.82 6.70 0.2 
3.4 6.90 6.74 6.62 0.1 
4.2 7.02 6.78 6.62 0.2 
5 6.90 6.74 6.54 0.2 
6 6.82 6.70 6.50 0.2 
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Table 5.12: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 7.7 lpm flow rate for a 
75% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 8.04 7.92 8.28 0.2 
3.4 8.1 8.1 8.34 0.1 
4.2 7.98 7.92 8.16 0.1 
5 7.86 7.92 7.68 0.1 
6 7.98 7.86 7.74 0.1 
1.3x1.3 2.65 7.98 7.92 8.4 0.3 
3.4 7.8 8.04 7.98 0.1 
4.2 7.56 7.74 8.04 0.2 
5 7.8 7.74 7.98 0.1 
6 8.16 7.8 8.04 0.2 
1.7x1.7 2.65 7.8 7.92 8.1 0.2 
3.4 7.98 7.8 7.86 0.1 
4.2 7.92 7.68 7.8 0.1 
5 7.8 7.68 7.86 0.1 
6 7.92 7.8 7.62 0.2 
 
 
                         Fig 5.15, 5.16 and 5.17 show the relation between the measured flow 
rates and five different echo-times and we can observe that, flow rates at 9cm upstream to 
throat increased, 6.5 cm after throat have no specific order with TE as the flow rates at 
1cm after throat were not much affected by TE. The measured flow rate has followed the 
same pattern as it followed at 4.4 lpm flow rate. From the figures D.16, D.17 and D.18 
(Appendix D), we can observe that the flow rate measurements are almost unaffected 
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with the resolution at 9cm upstream to throat and at 1cm after throat, but at 6.5cm after 
throat they increased with an increase in the resolution. There was a consistent 
underestimation of measured flow rate at 1cm after stenosis by 0.8 lpm because of 
turbulent flow which causes the signal loss. The overestimation of flow rate was slightly 
overestimated at 6.5cm after throat due to the high flow rate and jet flow.  
 
 
 
Fig 5.15: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 0.9x0.9 
mm
2
 resolution for a 75% stenosis model. 
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Fig 5.16: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.3x1.3 
mm
2
 resolution for a 75% stenosis model. 
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Fig 5.17: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.7x1.7 
mm
2
 resolution for a 75% stenosis model. 
 
5.1.3 94% Stenosis Tube 
                         To determine the effect of TE and spatial resolution on the measurement 
of flow rates for different flow rates in the 94% stenosis tube model, flow rate was 
measured in slices positioned at 9cm upstream to the throat, 1cm after the throat and at 
6.5 cm after the throat as shown in Fig. 5.18: 
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Fig 5.18: Schematic diagram of 94% stenosis tube. 
 
 
 
 
Upstream 
          
Downstream 
1 cm after throat 
ID = 1.945 cm 
   ID = 0.49 cm 
30 cm 
6.5 cm 
9 cm 
 77 
At flow rate = 1.4 L/min: 
                           Tables 5.13, 5.14 and 5.15 gives the information about the flow rates 
from three experiments and also the standard deviation of three trials at different imaging 
parameters such as echo-time (TE), spatial resolutions and the imaging slice positions 
was at 9cm upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  
for a 94% stenosis tube . 
Table 5.13: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 1.4 lpm flow rate 
for a 94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.42 1.36 1.43 0.0 
3.4 1.52 1.49 1.50 0.0 
4.2 1.65 1.61 1.65 0.0 
5 1.72 1.68 1.66 0.0 
6 1.77 1.75 1.73 0.0 
1.3x1.3 2.65 1.40 1.36 1.38 0.0 
3.4 1.54 1.45 1.49 0.0 
4.2 1.65 1.58 1.56 0.0 
5 1.70 1.66 1.63 0.0 
6 1.82 1.75 1.70 0.1 
1.7x1.7 2.65 1.42 1.42 1.38 0.0 
3.4 1.50 1.50 1.49 0.0 
4.2 1.63 1.63 1.58 0.0 
5 1.73 1.72 1.66 0.0 
6 1.81 1.77 1.70 0.1 
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Table 5.14: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1 cm after the throat and at 1.4 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.5 1.38  0.1 
3.4 1.44 1.32 1.5 0.1 
4.2 1.44 1.5 1.44 0.0 
5 1.44 1.44 1.38 0.0 
6 1.56 1.38 1.5 0.1 
1.3x1.3 2.65 1.5 1.62  0.1 
3.4 1.5 1.44 1.44 0.0 
4.2 1.44 1.32 1.2 0.1 
5 1.56 1.56 1.56 0.0 
6 1.56 1.68 1.38 0.2 
1.7x1.7 2.65 1.5 1.44  0.0 
3.4 1.5 1.62 1.62 0.1 
4.2 1.62 1.38 1.26 0.2 
5 1.44 1.62 1.38 0.1 
6 1.62 1.62 1.44 0.1 
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Table 5.15: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 1.4 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 1.58 1.65 1.56 0.0 
3.4 1.43 1.61 1.41 0.1 
4.2 1.35 1.47 1.39 0.1 
5 1.35 1.40 1.27 0.1 
6 1.30 1.41 1.27 0.1 
1.3x1.3 2.65 1.62 1.66 1.57 0.0 
3.4 1.47 1.62 1.47 0.1 
4.2 1.44 1.49 1.44 0.0 
5 1.40 1.52 1.38 0.1 
6 1.29 1.41 1.26 0.1 
1.7x1.7 2.65 1.69 1.62 1.48 0.1 
3.4 1.58 1.53 1.36 0.1 
4.2 1.52 1.43 1.34 0.1 
5 1.44 1.41 1.27 0.1 
6 1.44 1.34 1.25 0.1 
 
 
                         Fig 5.19, 5.20 and 5.21 show the relation between the measured flow 
rates and five different echo-times and we can observe that, flow rates at 9cm upstream to 
throat increased, 6.5 cm after throat were decreased and flow rates at 1cm after throat 
were almost uneffected with an increase in TE. From the figures E.13, E.14 and E.15 
(Appendix E), we can observe that the flow rate measurements are almost unaffected 
with the resolution at 9cm upstream to throat and at 6.5cm after throat, but at 1cm after 
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throat they increased and decreased with an increase in the resolution. There is no signal 
loss was observed. 
 
 
Fig 5.19: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.20: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.21: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
 
 
At flow rate = 4.4 L/min: 
                Tables 5.16, 5.17 and 5.18 gives the information about the flow rates from 
three experiments and also the standard deviation of three trials at different imaging 
parameters such as echo-time (TE), spatial resolutions and the imaging slice positions 
was at 9cm upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  
for a 94% stenosis tube . 
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Table 5.16: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 4.4 lpm flow rate 
for a 94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 4.60 4.74 4.62 0.1 
3.4 4.48 4.87 4.73 0.2 
4.2 4.60 5.03 4.89 0.2 
5 4.66 5.06 4.90 0.2 
6 4.64 5.13 4.97 0.3 
1.3x1.3 2.65 4.64 4.66 4.60 0.0 
3.4 4.53 4.78 4.78 0.1 
4.2 4.62 4.90 4.78 0.1 
5 4.67 4.94 4.85 0.1 
6 4.69 5.06 4.89 0.2 
1.7x1.7 2.65 4.60 4.67 4.58 0.0 
3.4 4.64 4.85 4.74 0.1 
4.2 4.71 4.94 4.83 0.1 
5 4.71 5.01 4.87 0.2 
6 4.78 5.10 4.89 0.2 
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Table 5.17: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1 cm after the throat and at 4.4 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 4.74 4.08 0.5 
3.4 4.26 4.32 0.0 
4.2 4.5 4.32 0.1 
5 4.56 4.2 0.3 
6 4.68 4.14 0.4 
1.3x1.3 2.65 4.26 4.08 0.1 
3.4 4.62 4.14 0.3 
4.2 4.56 4.32 0.2 
5 4.74 4.2 0.4 
6 4.38 4.26 0.1 
1.7x1.7 2.65 3.66 4.32 0.5 
3.4 4.74 3.72 0.7 
4.2 4.38 4.5 0.1 
5 4.74 4.2 0.4 
6 3.84 4.62 0.6 
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Table 5.18: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 4.4 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 4.63 5.06 4.96 0.2 
3.4 4.23 4.93 4.93 0.4 
4.2 4.22 5.00 4.87 0.4 
5 4.27 4.87 4.87 0.3 
6 4.21 5.01 4.80 0.4 
1.3x1.3 2.65 4.52 5.10 4.93 0.3 
3.4 4.26 4.93 4.80 0.4 
4.2 4.40 5.06 4.84 0.3 
5 4.36 4.93 4.74 0.3 
6 4.34 4.98 4.80 0.3 
1.7x1.7 2.65 4.47 5.30 5.06 0.4 
3.4 4.36 5.15 4.93 0.4 
4.2 4.40 5.04 4.85 0.3 
5 4.26 5.00 4.93 0.4 
6 4.34 4.89 4.84 0.3 
 
 
                 Fig 5.22, 5.23 and 5.24 show the relation between the measured flow rates and 
five different echo-times and we can observe that, flow rates at 9cm upstream to throat 
increased, 6.5 cm after throat decreased with TE as the flow rates at 1cm after throat were 
not affected at 0.9x0.9 mm2 resolution and they increased and decreased at 1.3, 1.7 mm2 
resolutions with an increase in TE. From the figures E.16, E.17 and E.18 (Appendix E), 
we can observe that the flow rate measurements are almost unaffected with the resolution 
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at 9cm upstream to throat and at 6.5cm after throat, but at 1cm after throat they increased 
with an increase in the resolution. There was no signal loss is observed.   
 
 
Fig 5.22: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.23: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.24: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
 
 
At flow rate = 7.7 L/min: 
                 Tables 5.19, 5.20 and 5.21 gives the information about the flow rates from 
three experiments and also the standard deviation of three trials at different imaging 
parameters such as echo-time (TE), spatial resolutions and the imaging slice positions 
was at 9cm upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  
for a 94% stenosis tube . 
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Table 5.19: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 7.7 lpm flow rate 
for a 94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 7.82 8.02 7.72 0.2 
3.4 7.88 8.18 7.79 0.2 
4.2 8.02 8.21 7.93 0.1 
5 8.09 8.32 8.02 0.2 
6 8.12 8.30 8.05 0.1 
1.3x1.3 2.65 7.75 7.79 7.68 0.1 
3.4 8.00 8.00 7.77 0.1 
4.2 8.02 8.02 7.81 0.1 
5 8.11 8.11 7.97 0.1 
6 8.23 8.23 8.02 0.1 
1.7x1.7 2.65 7.97 7.95 7.63 0.2 
3.4 8.04 8.00 7.77 0.1 
4.2 8.20 8.05 7.86 0.2 
5 8.25 8.25 7.91 0.2 
6 8.32 8.30 8.02 0.2 
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Table 5.20: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1 cm after the throat and at 7.7 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 7.38 7.44 0.0 
3.4 7.68 7.44 0.2 
4.2 7.26 7.2 0.0 
5 6.96 6.84 0.1 
6 6.6 7.02 0.3 
1.3x1.3 2.65 7.74 6.84 0.6 
3.4 7.08 7.2 0.1 
4.2 7.14 6.9 0.2 
5 7.32 7.44 0.1 
6 7.02 6.84 0.1 
1.7x1.7 2.65 7.02 7.5 0.3 
3.4 8.16 7.32 0.6 
4.2 7.44 7.44 0.0 
5 7.02 6.24 0.6 
6 7.44 6.84 0.4 
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Table 5.21: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 7.7 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 6.89 8.05 8.05 0.7 
3.4 6.81 7.57 7.40 0.4 
4.2 6.33 7.49 7.19 0.6 
5 6.36 7.10 7.79 0.7 
6 6.01 6.94 7.53 0.8 
1.3x1.3 2.65 6.97 7.89 8.18 0.6 
3.4 7.13 7.92 8.05 0.5 
4.2 6.89 8.37 7.92 0.8 
5 6.32 7.44 7.92 0.8 
6 5.98 7.36 7.27 0.8 
1.7x1.7 2.65 7.16 8.05 8.26 0.6 
3.4 6.81 7.98 8.05 0.7 
4.2 6.88 7.79 8.18 0.7 
5 6.35 7.92 7.40 0.8 
6 6.76 7.87 7.27 0.6 
 
               Fig 5.25, 5.26 and 5.27 show the relation between the measured flow rates and 
five different echo-times and we can observe that, flow rates at 9cm upstream to throat 
increased, 6.5 cm after throat were almost unaffected with TE as the flow rates at 1cm 
after throat decreased at high (0.9x0.9 mm
2
) resolution and constant at 1.3 resolution, and 
no specific order at 1.7 mm
2
 resolutions with an increase in TE. From the figures E.19, 
E.20 and E.21 (Appendix E), we can observe that the flow rate measurements are almost 
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unaffected with the resolution at 9cm upstream to throat and at 6.5cm after throat, but at 
1cm after throat they increased and decreased with an increase in the resolution. There 
was a consistent underestimation of measured flow rate at 1cm after stenosis which 
varied in a range of 0-1.3 lpm because of turbulence. The signal loss was observed and 
which is very high compared to 4.4 lpm flow rate. 
 
 
Fig 5.25: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.26: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.27: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
 
 
At flow4 = 10.4 L/min: 
                Tables 5.22, 5.23 and 5.24 gives the information about the flow rates from 
three experiments and also the standard deviation of three trials at different imaging 
parameters such as echo-time (TE), spatial resolutions and the imaging slice positions 
was at 9cm upstream to the throat, 1cm after throat and 6.5 cm after throat respectively  
for a 94% stenosis tube . 
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Table 5.22: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 9cm upstream to the throat and at 10.4 lpm flow 
rate for a 94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 9.81 9.74 9.74 0.0 
3.4 9.86 9.91 9.74 0.1 
4.2 9.91 10.09 9.91 0.1 
5 10.07 10.09 9.91 0.1 
6 10.05 10.27 10.09 0.1 
1.3x1.3 2.65 9.74 9.65 9.56 0.1 
3.4 9.63 9.91 9.56 0.2 
4.2 9.84 9.91 9.91 0.0 
5 9.93 9.91 9.74 0.1 
6 9.93 10.09 9.91 0.1 
1.7x1.7 2.65 9.65 9.74 9.74 0.1 
3.4 9.74 9.91 9.74 0.1 
4.2 9.91 9.91 9.74 0.1 
5 9.97 9.91 9.91 0.0 
6 10.00 10.09 10.09 0.1 
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Table 5.23: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 1 cm after the throat and at 10.4 lpm flow rate for a 
94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 8.34 7.5 8.88 0.7 
3.4 8.64 8.7 8.46 0.1 
4.2 8.34 7.2 8.4 0.7 
5 8.22 7.26 6.66 0.8 
6 6.06 7.68 7.2 0.8 
1.3x1.3 2.65 8.22 9.06 9.24 0.5 
3.4 9.12 9 7.92 0.7 
4.2 9.06 9.3 9.72 0.3 
5 8.22 7.32 8.34 0.6 
6 7.86 8.1 7.2 0.5 
1.7x1.7 2.65 10.14 9.66 9.42 0.4 
3.4 9.36 9.54 8.52 0.5 
4.2 9.72 8.4 8.04 0.9 
5 9.78 9.06 7.86 1.0 
6 9.96 7.26 9.42 1.4 
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Table 5.24: The calculated flow rates from the three measurements at different TEs, pixel 
sizes (in-plane spatial resolutions), at 6.5 cm after the throat and at 10.4 lpm flow rate for 
a 94% stenosis tube. 
Spatial 
resolution 
(mm2) 
TE 
(ms) 
Measured 
Flow rate from 
experiment 1 
(lpm) 
Measured 
Flow rate from 
experiment 2 
(lpm) 
Measured 
Flow rate from 
experiment 3 
(lpm) 
Standard 
deviation 
0.9x0.9 2.65 8.18 8.96 9.09 0.5 
3.4 9.35 10.25 9.61 0.5 
4.2 8.44 9.74 9.61 0.7 
5 8.70 8.96 8.96 0.1 
6 8.96 8.31 7.92 0.5 
1.3x1.3 2.65 9.48 9.86 9.74 0.2 
3.4 9.35 9.09 9.48 0.2 
4.2 8.44 9.22 9.61 0.6 
5 9.09 8.83 8.44 0.3 
6 9.48 8.70 8.83 0.4 
1.7x1.7 2.65 9.48 10.12 9.61 0.3 
3.4 9.61 9.86 9.48 0.2 
4.2 9.48 9.61 9.22 0.2 
5 9.35 9.48 8.96 0.3 
6 9.09 8.83 8.57 0.3 
 
                         Fig 5.28, 5.29 and 5.30 show the relation between the measured flow 
rates and five different echo-times and we can observe that, flow rates at 9cm upstream to 
throat increased, 6.5 cm after throat and at 1cm after throat decreased at all three 
resolutions with an increase in TE. From the figures E.22, E.23 and E.24 (Appendix E), 
we can observe that the flow rate measurements are almost unaffected with the resolution 
at 9cm upstream to throat and at 6.5cm after throat, but at 1cm after throat they decreased 
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with an increase in the resolution. The under estimation was there at all three slice 
positions, but the underestimation was high at 1cm after throat due to signal loss at all 
TEs (4.2, 5 and 6 msec) and at all resolutions. 
 
 
Fig 5.28: Flow rate Vs. TE at three different slice positions, at 10.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.29: Flow rate Vs. TE at three different slice positions, at 10.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Fig 5.30: Flow rate Vs. TE at three different slice positions, at 10.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
5.2 Results Related to the Comparison of MRPVM Measured Flow Rates with 
True Flow Rates 
 
           In this part of the results the measured flow rates by using MRPVM are compared 
with the true flow rates from rotameters as the function of TE at different resolutions for 
straight, 75% stenosis and 94% stenosis. All the flow rates were considered for single 
graph at different resolutions. 
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5.2.1 Straight Tube 
                  Fig 5.31 describes the relation between measured flow rates and true flow 
rates at different TEs and at 0.9x0.9 mm
2
 resolution. From fig 5.31, C.8, C.9 (Appendix 
C), we can observe that the measured flow rates were unaffected by TE and resolution as 
they were almost consistent with the true flow rates. 
              
 
Figure 5.31: Measured flow rate Vs. True flow rate for a straight tube at 0.9x0.9 mm
2
 
resolution. 
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            Figures 5.32, 5.33 and 5.34 describe the relation between measured flow rates and 
true flow rates at different TEs and at different slice positions for 75% stenosis model.  
            From figures 5.32, D.22 and D.25 (Appendix D), we can observe that the 
measured flow rates were almost consistent with the flow rate at 9cm upstream to the 
throat. The measured flow rates were almost unaffected with the resolution and TE.  
 
Figure 5.32: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 9cm upstream to the throat for a 75% stenosis model. 
 
              From figures 5.33, D.23 and D.26 (Appendix D), we can observe that the 
underestimation has increased with the flow rate at 1cm after throat. The measured flow 
rates were almost unaffected with the resolution and TE.  
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Figure 5.33: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 1cm after the throat for a 75% stenosis model. 
 
 
 
 
 
             From figures 5.34, D.24 and D.27 (Appendix D), we can observe that the 
measured flow rates were almost consistent with the flow rate at 6.5cm after the throat. 
The measured flow rates were almost unaffected with the resolution and TE. 
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Figure 5.34: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 6.5 cm after the throat for a 75% stenosis model. 
 
 
 
 
5.2.3 94% Stenosis Tube 
0
1
2
3
4
5
6
7
8
9
0 1 2 3 4 5 6 7 8 9
2.65 TE
3.4 TE
4.2 TE
5 TE
6 TE
y=x
75% stenosis at 0.9mm resolution, 6.5 cm 
downstream to the throat
Measured 
flowrate 
(lpm)
Flow meter (lpm)
 105 
              Figures 5.35, 5.36, 5.37, 5.38 and 5.39 describe the relation between measured 
flow rates and true flow rates at different TEs and at different slice positions for 94% 
stenosis model. 
              From figures 5.35, E.28 and E.31 (Appendix E), we can observe that the 
measured flow rates at 9cm upstream to the throat were overestimated till a flow rate of 
7.7 lpm, but they were underestimated at 10.4 lpm flow rate. The measured flow rates 
were almost unaffected with the resolution and TE.  
 
Figure 5.35: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 9cm upstream to the throat for a 94% stenosis model. 
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              From figure 5.36, E.29 and E.32, we can observe that measured flow rates at 
1cm after throat were well matched with true flow rates at 1.4 and 4.4 lpm. Measured 
flow rates were underestimated at 7.7 and 10.4 lpm and the underestimation has increased 
with the flow rates. The underestimation at 7.7 and 10.4 lpm has increased with the TE. 
These results confirmed that the short TEs can measure the flow rates accurately at high 
flow rates. 
 
 
Figure 5.36: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 1cm after the throat for a 94% stenosis model. 
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                           From fig 5.37, E.30 and E.33 (Appendix E), we can observe that the 
measured flow rates were well matched with true flow rates till 4.4 lpm flow rate and 
they were underestimated at 7.7 lpm and 10.4 lpm flow rates. We can also observe that 
the short TEs (2.65 and 3.4 msec) measured better than other TEs. The underestimation 
of flow rates at high flow rates is due to turbulent flow which caused the signal loss.   
 
 
Figure 5.37: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 6.5 cm after the throat for a 94% stenosis model. 
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CHAPTER VI 
DISCUSSIO 
             In this chapter, results for straight, 75% stenosis and 94% stenosis are discussed. 
The reason for the underestimation and overestimation of flow rates is explained.  
6.1 Straight Tube 
            From the graphs of the results section, we know that the measured flow rates well 
matched with the true flow rates at all three flow rates. An explanation is given to 
confirm those results with images. 
             According to the dimensions of the straight tube, flow1 (1.4 L/min) is laminar, 
whereas flow2 (4.4 L/min), flow3 (7.7 L/min), and flow4 (10.4 L/min) are turbulent with 
a Re of 1525, 4794, 8390, and 11332 respectively.  
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    (a)                        (b)                (c)                  (d)                  (e) 
Fig 6.1:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a straight tube at a flow rate of 1.4 lpm, spatial resolution of 0.9x0.9 mm
2
 and 
a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms (e). 
               From the color coded velocity profile images of fig 6.1, we can clearly see the 
laminar flow profile at all TE values. As the true velocity at 1.4 lpm was 7.85 cm/s, there 
was a slight overestimation in the measured cross sectional average velocity, as the TE 
value increases (Fig 6.5) and the overestimation was negligible when compared with true 
velocity. As all the pixels were under the laminar flow, there was no signal loss observed 
in this case. We observe a similar kind of velocity profile of fig 6.2 when compared to fig 
6.1, it was clear that the measured velocities were not affected by resolution.  
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    (a)                        (b)                (c)                  (d)                  (e) 
Fig 6.2: Color coded velocity profile images for a straight tube at a spatial resolution of 
1.3x1.3 mm
2 
(top) and 1.7x1.7 mm
2
 (bottom)
,
 flow rate of 1.4 L/min and a TE of 2.65 (a), 
3.4 (b), 4.2 (c), 5 (d), and 6 ms (e). 
 
 
 
 
 
 
 
 
Fig 6.3: Velocity of flow meter Vs. measured velocity from MRPVM for a straight tube. 
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      (a)                        (b)                    (c)                        (d)                  (e) 
Fig 6.4:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a straight tube at a flow rate of 4.4 L/min, spatial resolution of 0.9x0.9 mm
2
 
and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms (e). 
 
              From fig 6.4, we can observe that the velocity measurement were unaffected by 
resolution and TE, as the flow profile was almost same at all three resolutions and all the 
TE values (Fig 6.3). The numbers of pixels which give high velocity were increased 
because of the turbulent flow. As the measured velocities agree well with the true 
velocity, there was no signal loss observed in the figures. As the true velocity at 4.4 lpm 
is 24.70 cm/s, velocity profile images shows almost all the pixels were close to the true 
velocity.  
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      (a)                        (b)                        (c)                    (d)                  (e) 
Fig 6.5:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a straight tube at a flow rate of 7.7 L/min, spatial resolution of 0.9x0.9 mm
2
 
and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms (e). 
                 From fig 6.5, we can observe that the velocity measurements were unaffected 
by resolution and TE, as the flow profile was almost the same at all three resolutions and 
all the TE values (Fig 6.3). Even though the flow is turbulent, there was no signal loss 
observed for 7.7 lpm. As the true velocity at 7.7 is 43.23 cm/s, we can observe that all the 
pixels were measured with accurate velocity like a laminar flow without any signal loss.  
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6.2 75% Stenosis Model 
               From the results, we observed that the flow rate measurements were almost 
unaffected by the resolution and TE at all three flow rates, but there is a need to confirm 
those results with the velocity profile images. Upstream velocity profiles were the same 
as the straight tube velocity profiles at all flow rates, TE values and resolutions.  
                          
                
                                    
 
      (a)                        (b)                        (c)                    (d)                  (e) 
Fig 6.6:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 75% stenosis tube at 1cm after throat location, flow rate of 1.4 L/min, 
spatial resolution of 0.9x0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms 
(e). 
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          In fig 6.6, some signal loss was observed at the walls, but there was no 
underestimation of velocities as the true velocity is low (31.3 cm/s).  
        
 
Fig 6.7: Velocity profile images for a 75% stenosis tube at 6.5 cm after throat, resolution 
of 0.9x0.9 mm
2
, flow rate of 1.4 L/min,  TE values of 2.65, 3.4, 4.2, 5, and 6 ms (from 
left to right). 
              From fig 6.7, we can observe that the velocity profile was same at all TE values. 
The measured velocities were unaffected by resolution. Even though the upstream and 
downstream images were taken at same diameter, maximum velocity measured pixels 
were located at the center and the measured velocities are higher due to the effect of 
turbulent jet after the stenosis. The signal loss was observed at the centre at 2.65 ms TE 
value. 
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      (a)                      (b)                     (c)                    (d)                  (e) 
 
Fig 6.8:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 75% stenosis tube at 1cm after throat location, flow rate of 4.4 L/min, 
spatial resolution of 0.9x0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms 
(e). 
           From fig 6.8, even though the flow is turbulent, there was no underestimation of 
velocities in all the cases (Fig 6.11). The flow profile looks different as the high velocity 
pixels do not appeared like a regular flow profile of turbulent flow. The measured flow 
rate and velocities were not much affected by resolution and TE.  
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    (a)                      (b)                    (c)                   (d)                  (e) 
Fig 6.9:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 75% stenosis tube at 1cm after throat location, flow rate of 7.7 L/min, 
spatial resolution of 0.9x0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms 
(e). 
                  From fig 6.9, signal loss has improved with the decrease in TE. The measured 
flow rates and velocities are closely agreed with true velocities (6.11). The signal loss in 
the flow-compensated magnitude images was improved with the decrease in TE. There 
was a signal loss at the walls due to turbulent flow. Velocity profile at the downstream 
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location looks different from the upstream due to the effect of turbulent jet. Low velocity 
profile was observed at the walls due to some reverse flow (fig 6.10).  
 
         
 
 
Fig 6.10: Velocity profile images for a 75% stenosis tube at 6.5 cm after throat, resolution 
of 0.9x0.9 mm
2
, flow rate of 7.7 L/min,  TE values of 2.65, 3.4, 4.2, 5, and 6 ms (from 
left to right). 
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Fig 6.11: Velocity of flow meter Vs. measured velocity from MRPVM for a 75% stenosis 
tube. 
 
6.3 94% Stenosis Model 
              From the results, we know that the measurements of 94% stenosis at 1cm after 
throat location show a larger effect for 7.7 and 10.4 lpm flow rates than 1.4 and 4.4 lpm 
flow rates. 
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    (a)             (b)            (c)            (d)              (e) 
Fig 6.12:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 94% stenosis tube at 1cm after throat location, flow rate of 1.4 L/min, 
spatial resolution of 0.9x0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms 
(e). 
                From fig 6.12, the measured flow rates were unaffected by TE. As the flow is 
turbulent, 75% of pixels which measured high velocity were present and there were only 
2% of pixels which measured low velocity. Overall, the measured flow rates were 
overestimated by 0.8 lpm and there was no signal loss observed.  
                  
                 
                                          
    (a)               (b)                (c)               (d)                 (e) 
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Fig 6.13:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 94% stenosis tube at 1cm after throat location, flow rate of 4.4 L/min, 
spatial resolution of 0.9x0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms 
(e). 
 
          From fig 6.13, the signal loss in the flow-compensated magnitude images and noise 
in the phase images has improved at TE of 2.65 and 3.4 msec. Even though there appears 
to be a signal loss near the walls in magnitude image, the measured flow rates were 
overestimated when compared with the true flow rates. It is clear that the signal loss in 
flow-compensated magnitude images does not affect the measured flow rate.  
 
 
 
                                 
                           
                                   
   (a)                 (b)                  (c)                 (d)                 (e) 
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Fig 6.14:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 94% stenosis tube at 1cm after throat location, flow rate of 7.7 L/min, 
spatial resolution of 0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms (e). 
 
              From fig 6.14 and 6.15, it is clear that the decrease in the echo-time has 
improved the signal loss. The shortest TEs 2.65 and 3.4 msec has measured the better 
flow rate at 7.7 lpm and 10.4 lpm flow rate. The signal loss in the magnitude image and 
noise in the phase image at 7.7 lpm has affected the flow rate measurement and the affect 
was more at 10.4 lpm.  
                  
 
               
                          
                                
       (a)                 (b)                  (c)                 (d)               (e) 
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Fig 6.15:  Set of magnitude, phase, and color coded velocity profile images (from top to 
bottom) for a 94% stenosis tube at 1cm after throat location, flow rate of 10.4 L/min, 
spatial resolution of 0.9x0.9 mm
2
 and a TE of 2.65 (a), 3.4 (b), 4.2 (c), 5 (d), and 6 ms 
(e). 
6.4 Effect of Imaging Parameters on MRPVM Flow Measurements 
             Previous studies on validation of MRPVM have proved that the short TE (2 
msec) has improved the signal loss in flow-compensated magnitude images, which leads 
to accurate measurement of flow rates up to 600 mL/second in orifice models [36]. We 
hypothesized that short TEs can improve the accuracy in measuring flow rates up to 10.4 
L/min in case of 75% stenosis and 94% stenosis models.  We made sure that there should 
not be a signal loss due to VENC by using appropriate VENC values at all the flow rates.  
            In our experiments signal loss in flow compensated magnitude images and noise 
in the phase images was mainly due to the fast motion of spins. The signal loss at 7.7 and 
10.4 lpm has affected the measured flow rates in a large numbers and the signal loss has 
increased with the degree of stenosis and with the increase in flow rate. Our experiments 
have followed the same trend as O’Brien et.al [36] as our experiments also proved that 
short TEs can reduce the signal loss and improve the accuracy of measurements. 
            Results may be over or underestimated because of small % errors in the rotameter 
flow measurements. 
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            Pixels with negative phase value because of turbulence may also cause the 
decrease in the accurate measurements of flow rates at high Reynolds flows. In this study 
we observed some pixels with negative phase value in the middle of the tube at 7.7 lpm 
and 10.4 lpm in case of 94% stenosis model at 1cm after the throat slice position.  
            We also observed that the signal loss in magnitude images and noise in the phase 
images at high flow rates (7.7 and 10.4 lpm) in case of 94% stenosis. Signal loss and 
noise were reduced at short TEs (2.65 and 3.4 msec).   
              Spatial resolution affected the measured flow rates only at 10.4 lpm in case of 
94% stenosis model. Spatial resolution of 0.9x0.9 mm
2
 has shown lot of affect on the TEs 
at high flow rates. Overall, the effect of spatial resolutions was negligible in most of the 
cases. 
               Overall, the straight tube and 75% stenosis tube flow rate measurements were 
unaffected by resolution and echo-time at all the three flow rates, but there was a small 
amount of signal loss occurred at the walls of the 75% stenosis model (1cm after 
stenosis) at 7.7 lpm flow rate which improved with the short TEs (2.65 and 3.4 msec).  In 
94% stenosis tube, the measured flow rates at 1.4 and 4.4 lpm and at all locations were 
almost unaffected by resolution and echo-time, but the measured flow rates were affected 
TE at 7.7 and 10.4 plm and measured better at short TEs (2.65 and 3.4 msec).  
6.5 Significance of Work 
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Even though this study is a continuation of previous studies on MRPVM to measure flow 
rates, it sets a platform for researchers about the extent of the effect of turbulent flow in 
case of stenosis at turbulent flow rates and also about the flow behavior in different 
stenosis models. This study clarifies the previously disputed issues about the effect of TE 
and spatial resolution on the MRPVM velocity measurements. 
         This study needs to be corroborating with more experiments on pulsatile flow and 
on patients. If the suggested future work is successful, it will give rise to a new method of 
finding the degree of stenosis through measuring the effect of stenosis jet after the 
stenosis and measuring the accurate flow rates in case of turbulent flow which develops 
in many cardiovascular diseases.  
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CHAPTER VII 
LIMITATIOS AD FUTURE WORK 
7.1 Limitations 
            This study has several limitations. As an in vitro experiment, the results need to 
be confirmed with physiological data. The models used in this study are ideal objects 
with rigid walls. In real blood vessels, the walls consists of tissue that contracts and 
relaxes to create the pumping action. Therefore, they cannot be considered to have rigid 
walls. 
              This study uses steady-state measurements at different flow rates. However, the 
flow under physiological conditions is pulsatile. Water is used as the working fluid, and 
its viscosity is different from that of blood. In addition, only a limited number of stenosis 
models have been included. 
7.2 Future Work 
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              Future studies are needed to confirm the MRPVM results under physiological 
conditions. Studies on pulsatile flow loops are to be compared the results obtained from 
steady-state flow experiments. The accuracy of MRPVM in measuring pulsatile flow 
rates has to be evaluated.  
               Since the study was conducted on a limited number of stenosis models, more 
studies on different degrees of stenosis are required. It is also important to know the 
effect of turbulence jet after the stenosis. Finally, the effect of a larger set of different 
imaging parameters on the results of MRPVM need to be examined. 
                 Simulations using CFD may be useful to supplement the analysis. Studies on 
patients with different kinds of stenosis must be undertaken in order to make MRPVM 
applicable in a clinical study. 
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CHAPTER VIII 
COCLUSIOS 
               The overall goal of this study is to investigate the accuracy of MRPVM in 
measuring the flow rates at turbulent flow fields with different geometries and different 
imaging parameters. This was done by imaging glass model with different kinds of 
stenosis under steady state flow conditions. The experiments were carried out at four 
different flow rates: 1.4, 4.4, 7.7, and 10.4 L/min, three different spatial resolutions are 
used: 0.9x0.9, 1.3x1.3, 1.7x1.7 mm
2
, and five different TE values are used: 2.65, 3.4, 4.2, 
5, 6 ms. Axial MRPVM acquisitions were performed in all models upstream, at the 
throat, and downstream of the stenosis.  The acquired phase images provided the velocity 
from which the flow rate was calculated.  The MR-measured flow rates were compared 
with the true flow rates from rotameters to determine the accuracy of MRPVM.   
.       The results confirmed that MRPVM can measure the flow rates accurately under 
laminar flow conditions, but it consistently underestimated the flow rates in case of 
turbulent flow due to significant signal loss. The underestimation of flow rates occurs 
with an increase in the flow rates and degree of stenosis. This underestimation is due to 
the signal loss caused by turbulence. The underestimation in 75% and 94% stenosis tube 
at 1cm after throat increases with the flow rate. Overall, lower TEs (2.65, 3.4 msec) 
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measured accurately than the higher TEs at high flow rates. It is clear from the results 
that the measured flow rates are not much affected by the resolution as much as they were 
affected by TE.  
             The results of this study suggest that MRPVM can be used to measure the flow 
rates at normal physiological conditions but more studies on humans are required to 
estimate the accuracy of MRPVM in measuring flow rates under turbulent flow fields. 
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APPEDIX A 
Program to create the mask image, save phase values, calculation of average 
velocity: 
 
% SEP 25-2007. THIS PROGRAM READS THE IMAGES OBTAINED FROM 
MRPVM SCANS. IT 
% TAKE THE MAGNITUDE MR IMAGE AND CAN MARK THE ROI. THE SAME 
ROI IS THEN 
% TAKEN BY THE CORRESPONDING PHASE MR IMAGE AND THE PHASE 
VALUES IN THE 
% IMAGE ARE OBTAINED. THESE PHASE VALUES ARE USED FOR 
CALCULATION OF 
% VELOCITY FOR THE GIVEN VENC VALUE (VENC VALUE IS GIVEN AS 
INPUT BY THE 
% USER AS IT IS RECORDED WHILE DOING THE EXPERIMENT). 
% read the required DICOM image (the image should be a magnitude image so 
% that we can clearly visualize the underlying geometry 
  
[im1,map1]=dicomread('35'); 
% display the magnitude image 
 138 
figure(1) 
imshow(im1,[],'InitialMagnification',800); 
pixval on; 
% mark the roipoly on the magnitude image 
fprintf('\n enter the value of'); 
TE=input('TE='); 
if TE==2.65 
[k1,xi,yi]=roipoly; 
wk1write('x1_0.9M.xls',xi); 
wk1write('y1_0.9M.xls',yi); 
else 
   xi=wk1read('x1_0.9M.xls'); 
    yi=wk1read('y1_0.9M.xls'); 
     k2=roipoly(im1,xi,yi); 
end 
%read the phase image  
[im2,map2]=dicomread('36'); 
%display the phase image 
figure(2) 
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imshow(im2,[],'InitialMagnification',800); 
pixval on; 
pause; 
  
%mark the phase image with the boundaries obtained from magnitude image  
%(i.e., using the above mentioned roipoly values xi and yi) 
%these xi and yi values will define the boundaries of the geometry we are interested in 
%acquiring phase values which in turn could be used for calculating 
%velocity components 
figure(3) 
k3=roipoly(im2,xi,yi); 
close; 
% Display the ROI marked phase image. 
     c='r'; 
     l=1; 
     for i=1:192 
      for j=1:192 
          if (k3(i,j)==1) 
               im3(i,j)=fill(i,j,c); 
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               l=l+1; 
           else 
               im3(i,j)=im2(i,j); 
               l=l+1; 
           end 
       end 
     end 
       
figure(3) 
imshow(im3,[],'InitialMagnification',800); 
pixval on; 
% Obtain the phase values from the ROI marked 
m=1; 
for i = 1:192 
    for j = 1:192 
        if k3(i,j)==1 
            phase_val(m,1)=i; 
            phase_val(m,2)=j; 
            phase_val(m,3)=im2(i,j); 
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            m=m+1; 
        end 
    end 
end 
% To calculate velocity values: 
fprintf('\n enter the value of'); 
venc=input('VENC='); 
  
for i = 1:length(phase_val) 
vel_val(i)= (venc*(phase_val(i,3)-2048))/2048; 
end 
velocity_values = [phase_val(:,1) phase_val(:,2) vel_val']; 
% To calculate average velocity at each Row Pixel in the marked ROI. 
% a=velocity_values(1,1); 
% sum=0; 
% k=0; 
% l=1; 
% avg_vel=0; 
% x_val=a; 
 142 
% for i = 1:length(velocity_values) 
%     if(a == velocity_values(i,1)) 
%         sum=sum+velocity_values(i,3); 
%         k=k+1; 
%         if i==length(velocity_values) 
%             avg_vel(l)=sum/k; 
%         end 
%     end 
%     if(a ~= velocity_values(i,1));  
%         a = velocity_values(i,1); 
%         x_val(l+1)=a; 
%         avg_vel(l)=sum/k; 
%         sum=velocity_values(i,3); 
%         k=1; 
%         l=l+1; 
%     end 
% end 
% or 
di1=unique(velocity_values(:,1)); 
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[rs,cs]=size(di1); 
for i=1:rs 
   ai=find(velocity_values(:,1)==di1(i,1)); 
   avg_vel1(i,1)=mean(velocity_values(ai(:,1),3)); 
   clear ai 
end 
AVERAGE_VELOCITY_row = [di1 avg_vel1]; 
  
% 
di=unique(velocity_values(:,2)); 
[rs,cs]=size(di); 
for i=1:rs 
   ai=find(velocity_values(:,2)==di(i,1)); 
   avg_vel(i,1)=mean(velocity_values(ai(:,1),3)); 
   clear ai 
end 
AVERAGE_VELOCITY_column = [di avg_vel]; 
% TO continue to color coding part 
trial_color(im2,k2) 
 144 
APPEDIX B 
Program to get the velocity profile images: 
function trial_color(I,k2) 
%%%%% This script will create a colormap with known values and create 
%  index 
%%%%% matrix according to the values of intensity in the original 
%  image. 
%%%%% Finally this index matrix is used for creating output colored 
%  image. 
  
%%%%%% Creatting an image 
% I=magic(255); 
  
%%%% making colormap 
% mask_image=zeros(192,192); 
% mask_image(xi,yi)=1; 
I=I.*uint16(k2); 
% colormap= 
colormap1=[0       0         0 
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         0         0    0.6250 
         0         0    0.6875 
         0         0    0.7500 
         0         0    0.8125 
         0         0    0.8750 
         0         0    0.9375 
         0         0    1.0000 
         0    0.0625    1.0000 
         0    0.1250    1.0000 
         0    0.1875    1.0000 
         0    0.2500    1.0000 
         0    0.3125    1.0000 
         0    0.3750    1.0000 
         0    0.4375    1.0000 
         0    0.5000    1.0000 
         0    0.5625    1.0000 
         0    0.6250    1.0000 
         0    0.6875    1.0000 
         0    0.7500    1.0000 
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         0    0.8125    1.0000 
         0    0.8750    1.0000 
         0    0.9375    1.0000 
         0    0         1.0000 
    0.0625    1.0000    0.9375 
    0.1250    1.0000    0.8750 
    0.1875    1.0000    0.8125 
    0.2500    1.0000    0.7500 
    0.3125    1.0000    0.6875 
    0.3750    1.0000    0.6250 
    0.4375    1.0000    0.5625 
    0.0       1.0000    0.0 
    0.5625    1.0000    0.4375 
    0.6250    1.0000    0.3750 
    0.6875    1.0000    0.3125 
    0.7500    1.0000    0.2500 
    0.8125    1.0000    0.1875 
    0.8750    1.0000    0.1250 
    0.9375    1.0000    0.0625 
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    0         1.0000         0 
    1.0000    0.9375         0 
    1.0000    0.8750         0 
    1.0000    0.8125         0 
    1.0000    0.7500         0 
    1.0000    0.6875         0 
    1.0000    0.6250         0 
    1.0000    0.5625         0 
    1.0000    0.5000         0 
    1.0000    0.4375         0 
    1.0000    0.3750         0 
    1.0000    0.3125         0 
    1.0000    0.2500         0 
    1.0000    0.1875         0 
    1.0000    0.1250         0 
    1.0000    0.0625         0 
    1.0000         0         0 
    0.9375         0         0 
    0.8750         0         0 
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    0.8125         0         0 
    0.7500         0         0 
    0.6875         0         0 
    0.6250         0         0 
    0.5625         0         0 
    1              0         0]; 
I_new=[];% matrix for having index pointing to the colormap. 
for i=1:length(I) 
    for j=1:length(I) 
        if(I(i,j)>= 2498 && I(i,j)<= 2750) 
            I_new(i,j)= 64;%% taking the colormap value at the 30th row 
%         elseif(I(i,j)>= 2700 && I(i,j)<= 3100) 
%             I_new(i,j)= 32;%% taking the colormap value at the 10th 
            %  row 
        elseif(I(i,j)> 2048 && I(i,j)<= 2268) 
            I_new(i,j)= 16;%% taking the colormap value at the 
            %  15th row 
        elseif(I(i,j)> 2268  && I(i,j)<= 2498) 
            I_new(i,j)= 32;%% taking the colormap value at 
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        elseif (I(i,j)==0) I_new(i,j)=1; 
            %  the 20th row 
%         elseif 
        end 
    end 
    %         if(I(i,j)~=0) 
    %             I_new(i,j)=32; 
    %         else I_new(i,j) = 1; 
end 
 % Displaying the image 
save('trial_image', 'I_new'); 
imshow(I_new,colormap1) 
% % imwrite(I_new,colormap1,'clown1.bmp') 
% % z=imread('clown1.bmp'); 
% rgb=ind2rgb(I_new,colormap1); 
% imshow(rgb,[]) 
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APPEDIX C 
Graphs related to the straight tube: 
 
Figure C.1: Flow rate Vs TE at three different resolutions and at 1.4 lpm flow rate for a 
straight tube. 
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Figure C.2: Flow rate Vs TE at three different resolutions and at 4.4 lpm flow rate for a 
straight tube. 
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Figure C.3: Flow rate Vs TE at three different resolutions and at 7.7lpm flow rate for a 
straight tube. 
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Figure C.4: Flow rate Vs Resolution at five different TEs and at 1.4 lpm flow rate for a 
straight tube. 
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Figure C.5: Flow rate Vs Resolution at five different TEs and at 4.4 lpm flow rate for a 
straight tube. 
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Figure C.6: Flow rate Vs Resolution at five different TEs and at 7.7 lpm flow rate for a 
straight tube. 
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Figure C.7: Measured flow rate Vs. True flow rate for a straight tube at 0.9x0.9 mm
2
 
resolution. 
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Figure C.8: Measured flow rate Vs. True flow rate for a straight tube at 1.3x1.3 mm
2
 
resolution. 
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Figure C.9: Measured flow rate Vs. True flow rate for a straight tube at 1.7x1.7 mm
2
 
resolution. 
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APPEDIX D 
Graphs related to the 75% stenosis model: 
 
 
Figure D.1: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 75% stenosis model. 
1
2
2 3 4 5 6 7
9cm before 
throat
1 cm after 
throat
6.5 cm after 
throat
flow rate
75% stenosis, 1.4 lpm, 0.9mm resolution
(Re before throat=1525, Re at throat=3045)
flowrate 
(lpm)
TE (ms)
 160 
 
Figure D.2: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.3: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.4: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.5: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.6: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.7: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 0.9x0.9 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.8: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.3x1.3 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.9: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.7x1.7 
mm
2
 resolution for a 75% stenosis model. 
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Figure D.10: Flow rate Vs. Resolution at five different TEs, at 1.4 lpm flow rate and at 
9cm upstream to the throat for a 75% stenosis model. 
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Figure D.11: Flow rate Vs. Resolution at five different TEs, at 1.4 lpm flow rate and at 
1cm after the throat for a 75% stenosis model. 
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Figure D.12: Flow rate Vs. Resolution at five different TEs, at 1.4 lpm flow rate and at 
6.5cm after the throat for a 75% stenosis model. 
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Figure D.13: Flow rate Vs. Resolution at five different TEs, at 4.4 lpm flow rate and at 
9cm upstream to the throat for a 75% stenosis model. 
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Figure D.14: Flow rate Vs. Resolution at five different TEs, at 4.4 lpm flow rate and at 
1cm after the throat for a 75% stenosis model. 
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Figure D.15: Flow rate Vs. Resolution at five different TEs, at 4.4 lpm flow rate and at 
6.5cm after the throat for a 75% stenosis model. 
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Figure D.16: Flow rate Vs. Resolution at five different TEs, at 7.7 lpm flow rate and at 
9cm upstream to the throat for a 75% stenosis model. 
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Figure D.17: Flow rate Vs. Resolution at five different TEs, at 7.7 lpm flow rate and at 
1cm after the throat for a 75% stenosis model. 
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Figure D.18: Flow rate Vs. Resolution at five different TEs, at 7.7 lpm flow rate and at 
6.5cm after the throat for a 75% stenosis model. 
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Figure D.19: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 9cm upstream to the throat for a 75% stenosis model. 
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Figure D.20: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 1cm after the throat for a 75% stenosis model. 
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Figure D.21: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 6.5 cm after the throat for a 75% stenosis model. 
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Figure D.22: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.3x1.3 mm
2
 resolution and at 9cm upstream to the throat for a 75% stenosis model. 
 
0
1
2
3
4
5
6
7
8
9
0 1 2 3 4 5 6 7 8 9
2.65 TE
3.4 TE
4.2 TE
5 TE
6 TE
y=x
75% stenosis at 1.3mm resolution, 9cm 
upstream to the throat
Measured 
flowrate 
(lpm)
Flow meter (lpm)
 181 
  
Figure D.23: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.3x1.3 mm
2
 resolution and at 1cm after the throat for a 75% stenosis model. 
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Figure D.24: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.3x1.3 mm
2
 resolution and at 6.5cm after the throat for a 75% stenosis model. 
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Figure D.25: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.7x1.7 mm
2
 resolution and at 9cm upstream to the throat for a 75% stenosis model. 
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Figure D.26: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.7x1.7 mm
2
 resolution and at 1cm after the throat for a 75% stenosis model. 
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Figure D.27: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.7x1.7 mm
2
 resolution and at 6.5cm after the throat for a 75% stenosis model. 
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APPEDIX E 
Graphs related to the 94% stenosis model: 
 
 
Figure E.1: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.2: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.3: Flow rate Vs. TE at three different slice positions, at 1.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.4: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.5: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.6: Flow rate Vs. TE at three different slice positions, at 4.4 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.7: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.8: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.3x1.3 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.9: Flow rate Vs. TE at three different slice positions, at 7.7 lpm and at 1.7x1.7 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.10: Flow rate Vs. TE at three different slice positions, at 10.4 lpm and at 0.9x0.9 
mm
2
 resolution for a 94% stenosis model. 
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Figure E.11: Flow rate Vs. TE at three different slice positions, at 10.4 lpm and at 
1.3X1.3 mm
2
 resolution for a 94% stenosis model. 
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Figure E.12: Flow rate Vs. TE at three different slice positions, at 10.4 lpm and at 
1.7X1.7 mm
2
 resolution for a 94% stenosis model. 
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Figure E.13: Flow rate Vs. Resolution at five different TEs, at 1.4 lpm flow rate and at 
9cm upstream to the throat for a 94% stenosis model. 
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Figure E.14: Flow rate Vs. Resolution at five different TEs, at 1.4 lpm flow rate and at 
1cm after the throat for a 94% stenosis model. 
 
1
1.5
2
0.5 1 1.5 2
2.65 TE
3.4TE
4.2TE
5TE
6TE
94% stenosis, 1.4 lpm, 1cm after throat
flowrate 
(lpm)
R
 200 
 
Figure E.15: Flow rate Vs. Resolution at five different TEs, at 1.4 lpm flow rate and at 
6.5cm after the throat for a 94% stenosis model. 
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Figure E.16: Flow rate Vs. Resolution at five different TEs, at 4.4 lpm flow rate and at 
9cm upstream to the throat for a 94% stenosis model. 
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Figure E.17: Flow rate Vs. Resolution at five different TEs, at 4.4 lpm flow rate and at 
1cm after the throat for a 94% stenosis model. 
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Figure E.18: Flow rate Vs. Resolution at five different TEs, at 4.4 lpm flow rate and at 
6.5cm after the throat for a 94% stenosis model. 
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Figure E.19: Flow rate Vs. Resolution at five different TEs, at 7.7 lpm flow rate and at 
9cm upstream to the throat for a 94% stenosis model. 
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Figure E.20: Flow rate Vs. Resolution at five different TEs, at 7.7 lpm flow rate and at 
1cm after the throat for a 94% stenosis model. 
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Figure E.21: Flow rate Vs. Resolution at five different TEs, at 7.7 lpm flow rate and at 
6.5cm after the throat for a 94% stenosis model. 
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Figure E.22: Flow rate Vs. Resolution at five different TEs, at 10.4 lpm flow rate and at 
9cm upstream to the throat for a 94% stenosis model. 
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Figure E.23: Flow rate Vs. Resolution at five different TEs, at 10.4 lpm flow rate and at 
1cm after the throat for a 94% stenosis model. 
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Figure E.24: Flow rate Vs. Resolution at five different TEs, at 10.4 lpm flow rate and at 
6.5cm after the throat for a 94% stenosis model. 
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Figure E.25: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 9cm upstream to the throat for a 94% stenosis model. 
 
 
0
1
2
3
4
5
6
7
8
9
10
11
12
0 1 2 3 4 5 6 7 8 9 10 11 12
2.65 TE
3.4 TE
4.2 TE
5 TE
6 TE
y=x
94% stenosis at 0.9mm resolution, 9cm upstream 
to          the throat
Measured 
flowrate 
(lpm)
Flow meter (lpm)
 211 
 
Figure E.26: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 1cm after the throat for a 94% stenosis model. 
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Figure E.27: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
0.9x0.9 mm
2
 resolution and at 6.5 cm after the throat for a 94% stenosis model. 
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Figure E.28: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.3x1.3 mm
2
 resolution and at 9cm upstream to the throat for a 94% stenosis model. 
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Figure E.29: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.3x1.3 mm
2
 resolution and at 1cm after the throat for a 94% stenosis model. 
 
0
1
2
3
4
5
6
7
8
9
10
11
0 1 2 3 4 5 6 7 8 9 10 11
2.65 TE
3.4 TE
4.2 TE
5 TE
6 TE
y=x
94% stenosis at 1.3mm resolution, 1cm 
after the throat
Measured 
flowrate 
(lpm)
Flow meter (lpm)
 215 
 
Figure E.30: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.3x1.3 mm
2
 resolution and at 6.5cm after the throat for a 94% stenosis model. 
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Figure E.31: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.7x1.7 mm
2
 resolution and at 9cm upstream to the throat for a 94% stenosis model. 
 
0
1
2
3
4
5
6
7
8
9
10
11
12
0 1 2 3 4 5 6 7 8 9 10 11 12
2.65TE
3.4TE
4.2TE
5TE
6TE
y=x
94% stenosis at 1.7mm resolution, 9cm 
upstream to the throat
Measured 
flowrate 
(lpm)
Flow meter (lpm)
 217 
 
Figure E.32: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.7x1.7 mm
2
 resolution and at 1cm after the throat for a 94% stenosis model. 
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Figure E.33: Measured flow rate Vs. true flow rate (flow meter) at five different TEs, at 
1.7x1.7 mm
2
 resolution and at 6.5cm after the throat for a 94% stenosis model. 
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